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PREFACE 


In writing this book my aim has been to give a short account of those 
experiments which can be carried out by students during classes, 
together with a selection of experiments suitable for class demonstra* 
tions. In the selection of the experiments I have been largely guided 
by the course of Advanced Practical Physiology given by Professor 
Hallibukton at King’s College, which was based upon the ‘ Syllabus 
of Lectures ’ published by Professor J. Bukdon Sanderson in 1879, 
though in several respects 1 have modified and added to this course. 

The illustrations are for the most part new. For permission to 
reproduce several of the figures of instruments 1 wish to thank 
Professors McKendrick, Yeo, Halliburton, and Waller. The 
source of these figures is indicated in each case. The reproductions 
of the tracings are all new and taken from tracings specially prepared 
for the purpose. With very few exceptions they are all reproduced 
the same size as the originals, so that the measurements indicated in 
the text directly apply to the figures. 

Those modifications of many of the usual forms of apparatus 
figured in the text have been made for me by Mr. C. F. Palmer, and 
are especially designed for class work. 

The plan of the book varies slightly from that adopted by Professor 
Schafer and Professor Halliburton in their ' Essentials.' I have 
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made use of three different types : a small type employed in describing 
apparatus or the method of carrying out an experiment ; a medium 
type forming the main body of the text ; and a heavy type used in the 
accounts of the more fundamental experiments which are fitted for 
elementary classes. It seemed better to mark off these elementary 
experiments in this way rather than to separate the book into an 
elementary and an advanced course. The number of elementaiy 
experiments given is only small, and a detailed list of them will be 
found on p. xiv. 

To Professor HalijIbuiiton |and to Professor Schafeb my best 
thanks are due for the many suggestions and criticisms with which 
they have aided me during the preparation of the book. To Dr, 
A. E. RussELii, Medical Registrar, St. Thomas’s Hospital, I am 
especially indebted for many valuable suggestions and alterations, and 
for his assistance in reading and correcting the proofs, 

T. G. BRODIE. 


St. Thomas’s Hosmtaii, December 1897. 
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cjiaptj^::r i 

SOMK PHYSICAL INSTRUMENTS IN CONSTANT USE IN 
I’H YSIOLOCJK^AL KX 1>E RI M EN'PS 

Before undertaking any purely physiological experiments it is 
necessary to understand the construction and mode of working of 
certain pieces of physical apparatus which are in constant use; such, 
for instance, as batteries, induction coils, keys, i^c. 

The Daniell’s Element (fig. 1) is in very general use, on account 
of the constancy of th(i current it yields. It consists of an outer 
vessel of glass or glazed earthenware, in which is placed a cylinder 
of copper open at both ends. Within the cojiper cylinder is a porous 
pot, and within this is a roll of zinc. The outer vessel is filled with 
a saturated solution of sulphate of copper, and an excess of the 
crystals is kept in the solution. The porous x^ot is filled with dilute 
sulphuric acid (1 to ^ of water). Connections are taken from the 
copper and zinc cylinders. The positive pole of the battery is the 
copper, the negative the zinc. To x>revent local action the zinc 
cylinder is previously thoroughly amalgamated by first cleaning its 
surface with dilute sulphuric acid, and then rubbing metallic mercury 
well over its surface with a piece of cloth dipped in the acid. When 
in action the chemical changes in the battery are, solution of zinc and 
formation of ZuSO.! plate, and decomposition of the CUSO 4 , 

by the hydrogen appearing at the copper plate to form HaS 04 and 
metallic Cu, which latter is deposited on the copper surface. The 
E.M.F. (electromotive force) of the battery is 1*072 volts. 


B 
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Grenet’s Battery (fig. 2) is a single fiuid battery. It consists of 
an amalgamated zinc plate fixed between two carbon plates k, k. 
The zinc plate is fixed above to a rod b, by means of which it can be 
lifted from the fluid. The two carbon plates are connected to the 
binding screw, e, which is therefore the positive pole ; the zinc is 



1. — Thk Battery. Fig. 2. — The Guenkt Battery. 


connected to d. The fluid is made by adding four parts of a 10 per 
cent, solution of potassium bichromate to one of sulphuric acid. In 
action the zinc is dissolved, and the hydrogen set free at the carbon 
plates is oxidised by the bichromate and thus removed. When 
freshly made the battery has an E.M.F. slightly above 2 volts, but 
rapidly falls until it reaches about 1-8 volts. 

A Bunsen Battery (fig. 3) consists of an outer earthenware pot in 
which is placed a zinc cylinder. Inside this is a porous pot carrying 
a square block of carbon, c. The wire connections are made to the 
carbon, the positive pole, and to the zinc, the negative pole. The 
porous pot is filledjwith strong nitric acid, and the fluid surrounding 
the amalgamated zinc is dilute sulphuric acid (1 to 7). The SO4 
appearing at the zinc plate when the battery is in action dissolves 
the zinc to form ZnS04, and the appearing simultaneously at the 
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carbon pole is oxidised into HjO by the nitric acid. The E.M.F. 
of the battery is 1-9 volts. 




Fio. 3 .— The liuNSKx Battehy. (McKknihiiok.) 


The Grove Battery (fig. 4) is similar to the Bunsen battery, but 
the carl)on is replaced by a sheet of platinum. Its E.M.F. is 1-96 
volts. 

The Leclanche Battery (fig. 5) consists of a glass jar containing a 
saturated solution of ammonium chloride into which an amalgamated 
zinc rod dips. This forms the 
negative terminal. The positive 
consists of a carbon plate fitted 
into a porous pot packed with 
small pieces of carbon mixed 
with manganese dioxide. The 
porous pot is then filled up with 
the ammonium chloride solu- 
tion. Its E.M.F. when freshly 
prepared is 1’48 volts. It has 
the disadvantage that it tends 
to polarise rather quickly, and 
is therefore only used when a 
current is required for short periods of time. It is very convenient, 
as it does not fume ; there are no acids to be spilt, and it does not 
rfequire much attention. 



Fig. 4. — The Grove Battery. 
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Dry Batteries. — These are of very great convenience in that they 
are always ready for use, do not give off fumes, and contain no fluid 

to be spilt. One of the most satis- 
factory of these is the Obach dry 
battery, manufactured by Siemens. 
In principle, they are usually modified 
Leclanche cells. 


THE INDUOTIOH COIL 

The form of induction coil usually 
employed by physiologists is Du Bois- 
Eeymond's sledge inductorium (fig. 6). 
It consists of a coil, a, of fairly stout 
insulated copper wire wound on a 
wooden reel in the centre of which is 
a core of soft iron wires, c. The number 
of turns of wire in this, the PRIMARY 
COIL, varies in different instruments 
from 200 to 500 or more. The ends of 
the wire of the primary coil are con- 
nected to the two binding screws / and /i. A second coil of much finer 
wire is wound round a large wooden bobbin, the whole forming the 
SECONDARY COIL, h. This is fixed to a wooden foot sliding in a 
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Fig. G. — The Induction Coil. (McKendeick.) 


grooved base, m, and the central cavity in the wooden bobbin is of such 
a size that the secondary coil may be pushed home so as to completely 
cover the primary coil a. The terminations of the wire of the second- 
ary coil are connected to two binding screws, only one of which, 
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can be seen in the figtire. The ntunber of turns of wire in this coil is 
5«000 or more. The turns of wire in each coil are carefully insulated 
from each other. 

The action of the coil depends upon the fact that if the strength 
of a current running along a wire be altered, an induced current 
is set up in a second wire placed near to it. 

The E.M.P. of the induced current depends upon several factors : 

1. It is directly proportional to the intensity of the current otiange 
in the first wire. 

2. It is directly proportional to the rate of change of th *. inducing 
current. 

3. It is inversely j^ropo^ I'onal to the distance between the two 
wires. 

4. It varies vvith the angle iK^tween the two wires, the inaxiinuni 
effect being produced when the wires are parallel to each other, 
and no effect wlieri they are at right angles to each other. 

5. The strength of the induced current may be increased by con- 
centrating the force of the magnetic field ; as, for instance, by placing 
a coil of soft iron wires in the interior of the pi’imary coil. 

Home or all of thesci various factors are utilise d in the production 
of an induced current for physiological purposes ; but as the induced 
current produced by the ituluction of one wire upon one other is 
very small, the ind\iction coil forms a very convenient means by 
which these weak induced shocks may be multipliixl and added to 
one another. By taking a large number of turns of wire in each 
coil the effect is greatly increased, because each turn of the primary 
coil induces a current in each of the turns of the secondary, and all 
these small effects are added together to j)roduce a single greatly 
increased effect. We have seen that an induced current is only 
produced in the secondary coil during a change in the strength of 
the current in the primary, so that if that change be effected 
instantaneously, as in breaking the current, the induced current is 
also instantaneous. The direction of the induced current is such as 
to tend to oppose the new change, so that if a current be suddenly 
sent into the primary coil, round which it runs in the direction of the 
hands of a watch, the induced current in the secondary coil passes along 
its turns in the reverse direction, i.e. against the direction of the hands 
of a watch. Conversely, on suddenly breaking the primary current, 
the induced current is in the same direction as that in the primary. 

In a consideration of the action of the induction coil, there is a 
further point of some considerable importance, for just as the wires 
of the priiiiarj can react upon tho wires of the secondary coil, so can 
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each tarn of the primary induce currents in each neighbouring turn 
of the coil. If we consider two neighbouring turns when the current 
is suddenly increased, the increase in the one wire will induce a 
current in the second, and this induced current will be in the reverse 
direction to that of the main current, and as the direction of the 
current in two neighbouring turns is the same it tends to diminish 
the amount of the increase in the second -wire. As the duration of 
this induced current is very short its effect is soon exhausted, but not ^ 
before it has produced the result that more time is required for the 
current to reach its full strength than would have been the case if the 
wire had been perfectly straight. On breaking the circuit the circuit 
of the primary is broken, so that no induction currents can be set up 
in the primary. The fall in potential is therefore instantaneous. 
These effects are diagrammatically represented in fig. 7. In this 

figure, lines written hori- 
MA/rs BR£A/< zon tally indicate time, and 

js E p vertical lines strength of 

I current. At the instant a 

o|£.yi pR/MA/iY a current whose amount is 

6 represented by the vertical 

^ ^ line A o is suddenly thrown 

\ into the primary, but in- 

\ _;;r stead of instantly reaching 

its full intensity, when the 
course of events would be 
Fig. 7. represented by the line a c, 

time is occupied before it 
attains its full strength. Thus the gradual rise of strength of the 
current is represented by the curved line An. At the instant G 
the current is broken, and there occurs an instantaneous fall in 
strength to zero, which is thus represented by the line f g. The 
induction effect produced in the primary on making the circuit is 
spoken of as the make extra-current. The result of this upon the 
current induced in the secondary coil is of very great importance. 
One of the chief factors varying the intensity of the induced current 
is the rate at which the change is effected, and as the make takes an 
appreciable time while the break is instantaneous, it follows that the 
induced secondary current at make is of less E.M.F. than that at break, 
but lasts longer. This is indicated in the lower half of fig. 7. The 
line K 11 indicates zero current, and the curved line K n m the current 
induced in the secondary by the change of current a b in the primary. 
The intensity of the change at any instant is indicated by the vertical 
height of the curve for that instant, and is drawn below the line k m, 


spcoArDApy 


attains its full strength. 
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because the current is in the reverse direction to that of a b. The line 
II p s indicates the current induced in the secondary by the sudden 
change p g in the primary : it is above the line k r because it is in 
the same direction as the inducing current, and is of greater height 
than that representing the current induced on make. Von Helmholtz 
showed how we might approximately equalise the two induced 
shocks by the introduction of a deriving circuit into that tlirough 
the primary. Fig. 8 shows how to arrange the apparatus to demon- 
strate this. A battery is connected 
to the two terminals of the priinary 
coil, and to these are two further 
wires connected to a key and 
forming the derived circuit. It is 
seen that there is always some 
current passing through the 
primary both when the key is Fm. 8.— AuitANJiKMKNT of Arrvu.vrus 

open and closed. When the key Equalisino the Make and 

. , ^ Bkeak Shocks. 

IS closed the current Irom the 

battery on reaching the first terminal of the coil divides into two 
parts, one passing thi-ough the coil, the other through the deriving 
circuit. The amount of current passing through either circuit is 
inversely proportional to the total resistance in that circuit. If then 
the resistance of the deriving circuit be small in comparison with that 
of the coil, only a small pi oportion of the total current passes through 
the coil. On opening the key, the whole of the current is thrown 
through the coil and, ’as previously explained, an extra-current 
is produced which for a time delays the establishment of the 
current to its full intensity. On closing the key, there is a fall of 
current which produces an extra-current running in the same 
direction as that of the main current ; and as the circuit through the 
primary is still closed, this extra-current can act in delaying the fall 
of strength of the current. The result is that the current induced in 
the secondary is considerably diminished and made approximately 
equal to that of the make. These results are indicated in the diagrams 
of fig. 7. The current passing through the primary when the key of 
the derived circuit is closed is indicated by A d. On opening the key 
the current rises in value to a c, but its course is delayed and takes 
the course represented by the dotted line d e. If the key be opened 
at F, the fall in strength to the linen h is not instantaneous, but takes 
time and is represented by the cuiwed line F h. The effects on the 
induced currents in the secondary circuit are represented by the 
inteiTupted lines k n o and r t v respectively. 

For very many purposes it is essential to have a rapid series of 
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induction shocks, which can of course be obtained by a rapid make and 
break of the circuit through the primary. To obtain this in an auto- 
matic way the induction coil is always fitted with an arrangement 
termed the NEEE'S HAMMEB. This is represented in fig. 6, and 
consists of a pillar d carrying a steel spring to which is attached an 
iron armature k. In the centre of this spring is a small platinum 

plate for making contact with 
'rr' the platinum point of a screw 

^ U ^ adjustable in a brass plate con- 

"T rn ^ nected to the binding screw /, 
^ and therefore with one terminal 
I A B the primary. Fixed under /c 

is a double electromagnet i, one 
^ -n which is con- 

^..7. lQ.I — p-M — nected to //, the second terminal 

I of the primary coil, and the 

_J U other end to a central pillar /. 

The mode of action is illustrated 
by fig. 9. A battery is connected 

Fio. -To*' Acrmx 

or Neki’s Hammeii. by the other to the pillar n, 

using a mercury key k. If the 
platinum point of the screw B| be in contact with the platinum plate 
on the upper surface of the spring v, then on closing the key k the 
circuit is closed, and if we suppose the positive pole of the battery 
to be in connection with the pillar a the course of the current is from 
the battery to a, then along the spring v to the screw Si, thence 
through the primary coil to the electromagnet, and from this to the 
second pillar it, and so through the key k back to the battery. 

As soon as the circuit is thus closed the electromagnet acts upon 
the armature and pulls down the spring v, thereby separating the 
two platinum surfaces. The current is at once broken, and the electro- 
magnet therefore ceases to attract the armature, which is carried up 
by the spring v ; a new contact is thus made by the platinum surfaces, 
and the whole cycle of events is repeated. In this way the circuit 
through the primary is made and broken automatically at a rate which 
depends solely upon the rate of oscillation of the steel spring v. At 
each make and at each break of the circuit induced currents are pro- 
duced in the secondary circuit, which, as previously explained, are of 
very unequal intensities. 


Fig. 0. -To iLriUHTisATE the Action 
or Neev’s Hammkii. 


Von Helmholtz showed how the Neef’s hammer might be arranged 
to give shocks of about the same intensity. All that is necessary is to 
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connect the pillar d (fig. 6) with the binding screw / by a stout wire 
and screw up the screws s, and (hg. 10) until s, is removed from 
contact with the spi*ing v, andso lies just below it, but not touching it. 
Fig. 10 illustrates the action of the hammer with this an-angement. 
The connections to the battery i*eiiiain the same. On closing the key 
K the path of the current is now from the batt(*ry to the pillar a, and 
from this by the stout wire to the screw s,, anti thence to the primary 
^coil p o. Fi om the primary coil it passes to the electromagnet k, tlience 
to the pillar n, and so through 
the key ii back to the batterx . 

Immediately the curi-ent is 
closed the electromagnet at- 
tracts the armature of the 
spring V, and as it pulls it down 
brings the platinum plate on its 
lower surface into contact with 
the platinum point of the screw 
Sg, the result of whicli is that 
the deriv^ed circuit from the 
pillar A thi'ough the spring v to 
the pillar n is closed. The 
current is now d^'ided, and in- 
stead of all passing through the 
primaiy coil and electronnignet 
most travels through the derived 
circuit, because the resistance of this is much less than that of the coil 
and electromagnot. The ciuTent of the electromagnet becoming so 
much weaker is now unable to resist the upward pull of the spring v, 
which therefore recoils, and thus breaks its contact with the screw S 2 . 
The derived circuit is broken and the whole current again sent through 
the coil, the cycle is I’epeated, and so on continuously. 

Just as in the previously described case where a simple derived 
circuit was used to equalise the make and break shocks this arrange- 
ment attains the same end, and is to be used when it is necessary 
that the two shocks should be nearly equal. 

One of the great conveniences of the sledge inductorium is the 
ready manner in which the strength of the induced shock can be 
varied by simply altering the distance of the secondary coil from the 
primary. It must, however, be remembered that the strength of the 
induced current is by no means inversely proportional to the distance 
of the secondary coil from the primary, but that the strength of the 
induced current increases at a far greater rate than the diminution of 



Fig. 10. -To Illitstkatk TirK Action ok 
Nkef’s with the IIelmholt/. 

Modikicatiox. 
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distance between the two coils. The value of the induced current 
may be determined empirically by use of the galvanometer. Some 
forms of coil are already graduated in this manner. 

Another plan which is at times adopted for varying the strength 
of the induced current is to have the secondary coil so fitted that it 
can be rotated and its long axis set at any angle to the axis of the 
primary. The induced current, with a fixed alteration in the primary, 
is then proportional to the cosine of the angle between the two axes® 
of the coils. 


SOME FORMS OF KEYS FOR OPENING AND 
CLOSING A CIRCUIT 

The MERCURY KEY. — This key is used for making and breaking 
a current by hand, and is constructed in various forms (see figs. 11 
and 12). 

In fig. 11 there are two cups, o', c^, hollowed out in a vulcanite 
base and with two binding screws, and entering them from the 



Figs. 11 anj> 12. — Two Forms of Mkrcuky Key. 


side. The cups are nearly filled with mercury, and can be connected 
by means of the stout bent copper wire w w which hinges through a 

piece of vulcanite e. In fig. 12 
there is a single mercury cup into 
which a wire dips to make contact 
with the binding screw. 

The SPRING or CONTACT 
KEY (fig. 13) consists of a metal 
spring connected to a binding 
screw A. At its movable end there 
is a vulcanite knob c by which it can be depressed, and thus a platinum 
point on its lower surface brought into contact with a platinum plate 



Fig. 13. —Simple Form of Spring Key. 


THE DU BOIS KEY 


1] 


on the brass plate d, which is connected by the strip of copper e to the 
second binding screw b. When interposed in the course of a circuit, 
the circuit will only be closed when c is depressed to lie in contact 
with D. 

DU BOIS-SEYMOXD*S FRICTION KEY (figs. 14 and 15) consists 
of two metal blocks a and b (fig. 14), each carrying two binding 
screws, fixed on an insulating base. The two blocks can be connected 



Inot. Co. Lid. Camu. 


Fifjs. I'i ANi> 15 . — Two Fokms of tiik Du Bois Key. 


by a metal cross-bar c, which thus closes the key. This key is of very 
great service, and is employed in two ways indicated in the two ac- 
companying figures (16 and 17), where it is represented as being used 
in the secondary circuit of an inductorium. In fig. 16 is shown the 



Fio. l(i. — PiAN OF THE Aiiuanoemknt of Fro. 17. — Arranged as a Simple Break 
THE Du Bois Key as a Siiort-ciu- Key. Not to dk used after ?hiis 
cuiTiNG Key. Method in a Secondary Circuit. 


arrangement in which it is used as a short-circuiting key. The two 
terminals of the secondary coil are connected by wires to two of the 
binding screws on the blocks, one to each block, and to the remaining 
two binding screws are connected the wires of a pair of electrodes, e. 
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lying under a nerve or other structure to be stimulated. When the 
key K is open any current in the secondary coil can travel through 
the electrodes. If the key be closed, a current in the coil divides when 
it reaches the key, passing either through the key or to one electrode, 
thence through the nerve to the other electrode, and so back to the 
key. As the resistance of the key is very low compared to the high 
resistance of the piece of nerve, practically the whole of the current 
passes that way, or, in other words, the secondary coil is short-cir* 
cuited. A Du Bois key is always to be used in this manner when in 
a secondary circuit. The second method of using the key is shown in 
fig. 17, where it is used as a simple key. The electrode wires e, are 
represented connected to one terminal of the coil and to one block of 
the key k,. The other terminal of the coil is connected to the second 
block of the key. When the key is closed any current in the coil can 
pass through the electrodes, but when the key is opened the secondary 
circuit is broken. The key can be used after this plan for making 
and breaking any battery circuit, but should not be thus employed in 
a secondary circuit* 

FOHL'S COMMUTATOR (fig. 18) consists of a wooden or vulcanite 
base in which are six mercury cups, to each of which a binding screw 
is connected. A rocker made of a vulcanite axis n, to which two 

curved wires k and two ver* 
tical ones e are joined so that 
the vertical and curved wires 
of the same side are connected 
together, is so arranged that 
the two straight wires are 
supported in the cups a and 
B, and the curved wire may 
be made to dip into either 
pair of the four remaining 
cups. Two cross wires are 
also provided which connect 
c to F and d to e. Supposing now that the positive pole of a battery 
is connected with a and the negative with b, and the key is turned over 
so that the curved wires k dip into the cups c andT d, and if c and 
D are connected by wires to any circuit, then the current enters at a, 
passes up l along k to c, thence through the circuit to d, and so to 
B and back to the battery. If now the rocker be turned over so as to 
rest in the cups e and f, as shown in the figure, then the current 
enters at a, passes to e, thence by one cross wire to d, through the 
external circuit to c, by the second cross wire to f, and so back to b. 
In the first position of the rocker the current in the external circuit 



Fig. 1H. — Pohi/s Commutatoii. 
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was from c to d, in the second position from d to c, i.e. by moving 
the rocker the direction of the current in the external part of the 
circuit has been reversed. 

This key can also be used in a second way by removing the cross- 
wires, when two circuits can bo closed b}^ it, either from c to d or from 
Fj to F. Suppose, for instance, that the two ends of a muscle were 
connected by wires to k and f, and the wires of a pair of electrodes 
n|)on which the nerve is lying to c and n, then if the key be in the 
position of the figure a current entering at a and leaving at n is sent 
through the muscle, whilst if the rocker be rotated into the cups c and 
D the current through the muscle is bi*okcn, and instead is sent through 
the nerve. For the mode of connecting the key for such a purpose, 
see fig. 80, p. 95. 

A KEY FOPu CUTTING OUT EITHER THE MAKE OR 
BREAK SHOOK 

Tins consists (hg. 19) of two spring keys, one between r' and i*', closed when 
the spring n is brought into (‘ontact with tlu‘ metal ]>iece D, and the other one 
between s‘ and s-. The; contact is inado in each case betwcuui two plaUnnni 



Fn;. 19. A Form of Cct-out Kky. 

surfaces, one under b and the other projecting 
up from n, aJid similarly in the other key. 
These keys are closed automatically by two 
vulcanite sectors, v’ and v~, which are carried 
on an axis which can he rotated by hand or 
driven by a running cord round the coned 
pulley. These sectors c.an he rotated into any 
position on tlu; horizontal axis, and clamped V)y 
screws. F'it up the key p‘ p- to make and 
break a current through the primary, and s’ s-, so that it short-circuits 
the secondary when it is closed. Thus the two terminals of the secondary 
are connected, one to s’ and the other to a-, and the two electrode wires 
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are connected to the same binding screws. If now the pulley be rotated 
in the direction of the hands of a watch, and the sectors are in the position 
drawn in the figure, the sequence of events is : — i. the spring a is brought 
into contact with c, and therefore the secondary coil is short-circuited ; 
ii. the spring b is brought into contact with d, thus closing the primary ; a 
make shock is therefore induced in the secondary, which is, however, short- 
circuited because the spring a is still depressed ; iii. the sector glides off 
the spring a, which Hies up, and the secondary coil is no longer short- 
circuited ; iv. the sector v‘^ leaves the spring b, which flies up and breaks the 
primary circuit, and the break shock now passes to the electrodes and through 
a nerve or muscle laid upon them. By fixing the sector v‘^ a little in advance 
of V*, only make shocks would bo sent through the electrodes. When a more 
rapid series of stimuli is required, two notched wheels are provided to replace 
the sectors ; these close and open the keys six times in each revolution, and 
one, as with the sectors, may bo set a little in advance of the other, and so 
either make or break shocks sent through the electrodes as desired. 

Fit up the key as directed, and placing the electrodes upon the tongue, 
rotate the key, and show that the one or other shock can be cut out as 
required. 

Experiment 1. — Show that the break shock is greater than the make 
shock in the following way. Connect the primary coil with a battery and 
mercury or spring key as in fig. 20. To the secondary coil attach a pair of 
wires, and remove the coil to some distance from the primary. Hold the two 



Fig. 20. — Artiaxoejiient of Apparatus for Making Use of 
Single Induced Shocks. 


free ends of the wires on the tip of the tongue, and make and break the primary 
circuit by opening and closing the mercury key. At first nothing is felt. Now 
gradually move up the secondary coil, testing each new position by opening 
and closing the key in the primary circuit. At last a position will bo found at 
which a shock is perceived at break and none at make. Make a note of the posi- 
tion of the secondary coil with respect to the fixed scale. Move up the secon- 
dary still further, noting that the break shock becomes progressively stronger, 
and at last a position is reached at which a shock is felt on making the current. 
This position is to be noted and contrasted with that previously observed for 

the break shock. The experiment also 
clearly shows ho^ convenient the 
coil is for modifying the strength of 
stimulus to any required degree. 

Experiment 2. — To demonstrate 
the break extra-current arrange the 
apparatus as in fig. 21, applying the 
electrodes e to the tongue. First close 
the key k, ; on now closing the key 
the current is short-circuited, and 
none passes through the tongue ; on opening all the current passes through 





Fig. 21. — Arrangement of Apparatus to 
Show the Break Extra-current. 
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the tonfjiie. Neither on opening nor closing the key Ko is any distinct shock 
felt unless the battery is very strong. Now open the key k, and again open 
and close k^. Each time the key k., is opened the current is sent through the 
tongue, and the resistance being very high there is a sudden fall in strength 
of the current. On opening a distinct shock is felt. This is due to the 
extra-current brought about by the sudden fall in strength, inducing currents 
in the turns of wire of the primary coil p c. 
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CHAPTI^IR II 

niKrAKATION OF A FHOG’s MUSCLK. ITS IIFSPONSE TO 
STIMULATION. THE GIIAPITIC MriTHOD 

PITH A FROG. — Pass your nail along the back of a frog’s skull 
until the groove between the skull and the first vertebra is felt, and 
then insert the point of a fine scalpel between these two, and so divide 
the central nervous system transversely at about the level of the 
medulla. Now insert a blunt-pointed seeker into this aperture and 
pass it forward into the skull cavity, so as to destroy the brain, and 
then downwards into the vertebral canal, and thus destroy the spinal 
cord. 

MAKE A NERVE MUSCLE PREPARATION.— The simplest and 
one of the most convenient muscles to isolate for experiments is the 
gastrocnemius. Its anatomical relations are shown in figs. 22 and 23. 
To prepare it together with its nerve, pith a frog, and cutting through 
the spinal column one vertebra above the sacrum, remove all the 
soft parts in front down to the pubis, including the viscera, taking 
care not to injure the branches of the sciatic plexus lying on the pos- 
terior wall of the abdominal cavity. If the sacrum be now firmly held, 
the skin over the back of the iliac bones can be drawn down, and the 
whole of it drawn off the two legs, thus laying bare the muscles of the 
thigh and leg. The tendo Achillis is cut across below the ankle-joint, 
and with its sesamoid bone dissected free up to the belly of the 
gastrocnemius, which is then isolated from the tibia and fibula right 
up to its insertion into the femur. The head of the tibia is then cut 
through just below the knee-joint. Next proceed to isolate the sciatic, 
which will be found lying between the biceps, i^, fig. 23, and semi- 
membranosus, sm, on the posterior surface of the thigh. Carefully 
separate these muscles, and follow up the nerve to the pelvis, cutting 
through its branches as they are laid bare. The nerve should not be 
touched with metal instruments, and in its separation should not be 
allowed to be covered with blood from the vessels which accompany 
it. Next cut through the muscles attached to the urostyle, and divide 
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the vertebreB in the mid line into two symmetrical halves. Lift up 
the muscles which have been cut from the urostyle, and turn them 
outwards, so as to expose the sciatic, which can then be completely 
isolated up to its three constituent cords, and so to the vertebrm. Cut 
through the joint between the vertebrae and the ilium, and the vertebrae 
can then be picked up, and by this means the nerve lifted and its 
isolation completed down to the lower end of the femur, where it 
^vides into two branches. It is then laid on the gastrocnemius while 
the muscles are separated from the femur, the triceps from the outer 
side, and the adductors from the inner. The 'emur is then cut through at 



Fig. 22 . — Lbg Muscles oe the Fiioo 

SEEN FROM THE InNEU SiIjE. A, 

Gracilis, s, Saktorius. v, Vastus 
Intbrnus. g, Gastrocnemius. 



Fig. 23. — Leg Muscles of the pRorj 

SEEN FROM 'l irE OlITER SlJ»E. T, 

Tricefs. n, I3 ici:j*s. s;«, SexMimem- 
BRANOsiis. (i, Gastrocnemius. 


about its upper third and the preparation is complete.^ Fig. 24 is a 
drawing of such a nerve-muscle preparation, where f is the femur and 
K the knee-joint ; a is the gastrocnemius and t the tendo Achillis with 
its sesamoid bone s. The nerve n still remains attached to a piece of 
the vertebral column v, which serves as a convenient means of 
handling the nerve. At is the branch of the nerve to the gastro- 
cnemius. The femur can be clamped in the muscle forceps, and thus a 
rigid support is given to its upper end. A fine thread is tied round 

c 
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the tendon, or this is pierced by a bent pin, and thus the lower end 
attach3d to the lever of a myograph (see fig 31 , p. 25 ). 

If a crank lever is to be used it is not necessary to thoroughly 
isolate the femur, but its lower end can be directly fixed to the cork 
plate of the myograph by a needle which is passed through the bone. 

In many cases, too, it is not 
necessary to completely iso- 
late the nerve up to the 
vertebra. 

DIRECT AND INDIRECT 
EXCITATION OF MUSCLE. 
A muscle may be made to 
contract by a stimulus applied 
to the muscle mass itself, 
when the excitation is termed 
direct, or it may be caused to 
contract by a stimulus applied 
to its nerve, which stimulus 
then travels down to the 
muscle. This is indirect ex- 
citation. Test this by apply- 
ing the electrodes first to the nerve and then to the muscle, and 
sending an induced current through the electrodes. 

THE MOIST CHAMBER 

In all instances in which we are experimenting upon an excised 
muscle and nerve, it is of the greatest importance that they should be 
protected from drying. To secure this it is necessary either to im- 
merse them in some fiuid which exerts no harmful effect upon them, 
such as defibrinated ox-blood, or to place them in an enclosed air- 
chamber in which the air is kept moist. This latter is termed a moist 
chamber, and is of different form according to the myograph employed. 
It consists of a glass cover to the myograph, in which is an aperture 
through which a thread may pass to connect the muscle to the record- 
ing lever. The air in the chamber is kept moist b^i; placing in it a 
few pieces of blotting-paper wetted with normal saline solution. 

Experiment 1, — Utilise this nerve-muscle preparation to prove that the 
break shock Is strongrer than the make shock. Arrange the apparatus in 
the same way as in Experiment 1, p. 14 (see fig. 20), placing the nerve upon 
the pair of electrodes. Gradually decrease the distance between the two coils 
as in that experiment, and make notes of the positions of the secondary coil 
when a twitch occurs — (1) at break of the primary circuit, (2) at make. 

Experiment 2. — Ry using the arrangement previously described and 
shown in fig. 8, p. 7, show that, by the introduction of a deriving circuit of 
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Fxa. 24. — Gastiiocnemius- SCIATIC Preparation. 
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low resistance in parallel with the primary coil, the induced shocks are 
rendered of nearly equal value. Test this on the nerve-muscle preparation. 
On varying the position of the secondary coil as in the preceding experiment, it 
will now be found that the strength of the break shock has become nearly 
•equal to that of the make shock, which has also been somewhat reduced. 

Thus in one experiment it was found that the farthest position of 
the secondary coil from the primary at which a break shock caused 
a twitch of the muscle was 2Gi cm. A make shock was first effective 
•when the coil was brought up to 10^ cm. With the deriving circuit 
of low resistance as in experiment 2 the break shocks iiist produced 
a twitch when the coil stood at 10 cm., and the make shock was 
effective when the coil stood at 9.1 cm. 


Experiment iJ. — Demonstrate upon the nerve-muscle preparation the 
existence of the break extra^eurrent, arranging the apparatus as in Experi- 
ment 2, p. 14 (fig. ‘21y. 

Experiment 4. — Demonstrate the make extra-current, arranging the 
apparatus as in fig. 25. A current is sent through the primary coil and elec- 
trodes arranged in parallel and with a Du l^oiskey k ’ interposed so that both 
may be short-circuited. Interpose a ^ 

friction key k' and a resistance-box r 
in the main circuit. Also place a key 
k* in the electrode circuit. The cur- 
rent on reaching the key k- divides, 
and as the resistance of the piece of 
nerve across the electrodes is very 
high, most passes through the primary 
coil, which therefore acta as a deriving 
circuit. (dose the key k' and ojion 
K', and now interpose enough resist- 
ance at R until opening and closing k’ 
gives no contraction of the muscle. Next, with k* and k'' closed, open and 
close k‘^. Each time k’ is opened the muscle contracts, stimulated by the 
make extra-current in the primary coil, for the strength of constant current 
at the same time sent through the nerve has, by increasing the resistance R, 
been reduced until it no longer was able to stimulate on make. On closing 
the key k- the currents through both primary and nerve are short-circuited, a 
break extra-current is produced in the primary, which, however, is short- 
circuited by the key k-. The break of the current through the nerve is not 
sufficient to stimulate, and the muscle does not contract. 

If the key k- be kept open and k* closed and opened, a contraction occurs 
both at make and break. This arrangement tlius demonstrates both make 
and break extra-ciirreuts. 



Fkj. 25. — Auiia.n<h<:mknt ov ArvAitATus 
Fcm SiiowiNu Make ExTUA-cuiiuENT. 


MAKE A GRACILIS AKD SEMIMEMBRANOSUS 
PREPARATION 

First study the relations of these muscles as given in figs. 22 and 23. 
Pith a frog and dissect away the skin from the thigh, carefully cutting 
through the fibres of the rectus internus minor, which are inserted into the 
skin on the adductor surface of the thigh. The muscles can then be readily 
made out on the inner side of the thigh separated from one another by the 
rectus internus minor. The gracilis, or rectus internus major, a, is to be seen 
from the front of the thigh, being in relation on its outer edge with the 



20* . EXPERIMENT A.L PHYSIOLOGY 

adductor brevis, adductor magnus and sartorius, s. The semimembranosus, 
S7W, is seen on the posterior surface with its outer border in relation with the 
pyriforiuis above and the biceps, b, below. Roth muscles arise above from 
the sjunphysis i)ubis, and below are inserted by tendinous aponeuroses into 
the tibio-fibula; Cut through the aponeurosis at the outer border of each 
muscle, and then separate each from the subjacent muscles, viz. the 
adductors and semitendinosus. Isolate the muscles right down to their lower 
insertion and cut through the tibio-fibula just below this, and then 
divide the femur a little above the knee-joint. By holding the piece of bone 
thus isolated the two muscles can now be easily separated right up to the^ 
symphysis. The semitendinosus usually tends to separate with them, and 
may be removed later by cutting through its lower attachment, then dissect- 
ing it away from the gracilis, or finally dividing its two heads of attachment 
to the pelvis. The other muscles attached to the symphysis are now cut 
through, and the head of the femur disarticulated from the acetabulum. In 
many cases it is convenient to make a second preparation in a similar 
manner from the opposite leg ; but if this be not re(|uired, the whole leg may 
b(5 removed, disarticulating at the acetabulum. The great advantage of this 
preparation is that wo have a mass of muscle in which the fibr(?s are very 
nearly straight, and are of a good length. With a double preparation the 
muscles can hang side by side, and so the tran verse section is doubled. The 
uppiir end can be conveniently fixed by passing a strong needle throuigh the 
acotabula. With the two preparations dissected out they can also be hung one 
below the other, being united by a piece of the symphysis, and thus a muscle 
of double length is obtained. 

MAKE A HYOGLOSSITS PREPARATION.— One of the simplest 

and most convenient muscle prepara- 
tions that can be obtained from a frog 
is the hyoglossus muscle. Fig. 26 
shows the general course and arrange- 
ment of the muscle. It is attached to 
the anterior edge of the body of the 
hyoid cartilage, and from this the 
fibres run forwards to meet in the 
mid line with the muscle of the oppo- 
site side. The two then run forward 
as two bands to the apex of the lower 
jaw, and thence into the substance of 
the tongue. In the tongue the fibres 
run towards the tip ^nd the muscle 
gradually ends by becoming inserted 
into the subniucous connective tissue 
of that organ. It is supplied by the 
hypoglossal nerve (h, fig. 26). To 
utilise the muscle when we wish to 
stimulate directly, all that is necessary 
is to lift up the lower jaw and cut 
through the joint between the two jaws on either side, extending the in- 



Fig, 2(5. — The Relations of the 
Hyoglossus, ho, in the Frog. 
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cisions down to the shoulder girdle. The lower jaw is then pulled 
slightly forwards, and by a single transverse incision at the upper edge 
of the shoulder girdle the whole of it is removed. It is now placed 
mucous surface upwards, the tip of the tongue lifted up and either 
transfixed with a hook, or a fine thread is tied round it. The tongue 
is then turned forwards and extended out of the mouth. The body 
of the hyoid cartilage now stands out clearly, and this may be 
transfixed by a pin, and in that way fixed to the cork of a myograph, 
or the cartilage may be directly clamped in a muscle forceps. The 
thread or hook may then be attached to the writing lever. The great 
advantage of the preparation is that the muscles are composed of long 
fibres strictly parallel to one another, which are completely protected 
from any injury during the preparation, because the muscle itself is 
not exposed. Remf>ining in situ the whole time, they are protected 
from drying by the mucous membrane of the tongue and mouth, and 
on the ventral side by the skin of the jaw. 

If we wish to stimulate indirectly, the two hypoglossal nerves 
can be easily isolated and laid upon electrodes. The only disadvantage 
lies in the small size of the muscle, but the many advantages which it 
possesses give, in the greater number of experiments, full compensation 
for that disadvantage. 

THE GRAPHIC METHOD 

Most of the movements earned out by the ditloront parts of thcj 
body, and which it is our object to study, are performed at so rapid a 
rate that the unaided eye is only able to give us a judgment of the 
broad outlines of the movement. By it alone we are quite unable to 
gain any accurate knowledge of the details of a particular movement. 
Eor instance, if we expose the heart of a recently killed frog, and 
watch it beating, it is diilicult to be certain that the auricular beat 
precedes the ventricular, and in many cases it is quite impossible to 
determine with any certainty whether the contraction be carried out 
at a faster or slower rate than the dilatation, or, if there be a difference, 
to determine the amount of that difference. Still more is the difficulty 
perceived if we jiurn our attention to a more rapid movement, such as 
a single twitch of a frog’s muscle, where the whole cycle of movement 
is so rapid that we are quite unable to accurately judge of its amount, 
or of any variation in the rate of its contraction or relaxation. Wo 
require, then, some means of obtaining a permanent record of each 
movement which we may afterwards study at our leisure ; and this 
means is afforded us by what is termed the graphic method, the 
general principle of which is that the part in movement is made to 
record its movement by writing it upon a surface. Thus if we wish 
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to record the amount of contraction of a frog’s muscle we may fix 
one end to some rigid support and to the free end attach some form 
of writing-point, which is made to record its movement upon a piece 
of paper so placed that the point, during its movement, is always in 
contact with the paper. Where the amount of movement to be 
recorded is small, it is readily magnified by some form of lever such 
as one of those represented in figs. 31 and 37. We in this way obtain 
a straight or curved line which gives us at once a permanent record^ 
of the amount of movement performed, or of some multiple of it. We 
still have one important point to determine in the consideration of any 
movement, viz. the time occupied. Thomas Young was the first to 
show how we might obtain measurements of time with very consider- 
able accuracy. He pointed out that if a surface be moved in a given 
direction at a constant rate, lines measured parallel to the direction 
of motion indicated time, and that to determine the value of those 
lines all that was necessary was to fix a very light style or marker to 
a vibrating rod, held so that the style was in contact with the rpoving 
surface and its movements at right angles to the direction of motion 
of the surface. If the time of oscillation of the rod be known, the rate 
of rnovement of the surface is directly determined. This time measure- 
ment was perfected by Duhamel by employing a tuning-fork to one 
prong of which a light wi’iting-point is fixed. The rate of vibration 
of the tuning-fork can be determined with very great accuracy, and 
hence the rate of movement of the surface can be determined with the 
same accuracy. The recording surface, which is most convenient and 
wliich is usually employed, consists of a smooth and highly glazed 
surface of paper, which is covered with a thin dei)osit of carbon, 
obtained by holding it in a smoky flame of burning gas, camphor, 
turpentine, or some other substance. The writing-point is made of 
metal, glass, or moderately stiff paper cut to a sharp point, which is 



Fig. 27. — Two Records of the Vibrations of a Tuning-fork Vibrating at 
THE Bate of 10 per sec. The Tracing a b was taken while the Bkcord- 
iNG Surface was Moving more Bapidly than during .the Record c d. 


then made to scratch the smoked surface, and so remove some of the 
black deposit and bring the white surface of the paper into view. The 
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shape of surface which is most generally useful is that of a cylinder 
which can be set rotating about its long axis by clockwork or some 
other means. In fig. 27 are reproduced two tracings taken by a tuning- 
fork, which vibrated at the rate of ten per second, the cylinder being 
made to rotate at two different rates. The distance between the 
summit of one curve and that of the next curve represents the space 
travelled over by the surface in tV second. This distance in the 
tracing a 5 is 2*85 cm., or in one second the surface travelled 28*5 cm. 
In the lower tracing the rate is found to be 4*8 cm. per second, if we 
measure the distance between one summit and the tenth following. 

The recording of time by means of a tuning-fork possesses tlio dis- 
advantage that the vibrations soon cease, especially if the rate of vibration be 
rapid. To obviate this, a method commonly employed is to record by means 
of a chronograph (fig ‘28), actuated by anelectrical current made and broken 
at some definite known rate by a special piece of apparatus. The chronograpli 
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(fig. 28) consists of a small electromagnet and a movable armature, to which 
is attached a writing-point. Each time the current is closed the armature is 
attracted and the writing-point moves downwards. The rate of vibration of 
the writing-point thus depends upon the rate of make and break of the current 
employed. The current may be automatically closed in a regular manner in 
several ways. Where the rate required is slow a pendulum clock is very 
frequently used ; ,when a more rapid rate is required, a tuning-fork, to one 
prong of which a platinum wire is attached, so that with each vibration the 
wire completes a circuit either by touching a platinum surface or by dix)ping 
into mercury. The tuning-fork is kept vibrating indefinitely by means of an 
electromagnet. 

A very convenient time-marker is shown in fig. 29. It consists of a stiff 
steel band s firmly clamped at one end by the metal cross-bar c. Attached 
to it is a heavy weight w, by altering the position of which we are able to 
modify, to a certain extent, the rate of oscillation. The oscillation of the 
spring is communicated to the vertical bar e, and thus to a lever b e, to which 
a writing lever l is attached. The writing lever l makes an angle with b e, so 
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that the spring s does not touch the writing surface. With w in the position 
drawn, the oscillations are at the rate of two per second. When w is moved 



-Lower Part of Drum to show Method of Driving the Cylinder at 
Different Bates. 


different purposes that it is often difficult on the same drum to obtain suf- 
ficient variations. For rapid rates of movement a common plan is to drive a 
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friction wheel, by means of clockwork or a running cord, which can be thrown 
into contact with a second wheel on the axis of the drum (see tig. 37). For 
slow rates the most satisfactory method is to rotate the drum by means of a 
tangent screw. The drum represented in tig. 30 combines those two, so that 
one or the other plan can be used by simply changing tlie position of a 
lever h. The ti^re represents the base of the drum only, the cylinder and 
upper fittings being the same as those seen in lig. 37. The axis of the drum 
rests on the steel point of a short vertical rod round which a brass disc i> 
rotates in a collar. On the disc is a little U2)right e which is placed in 
contact with a bar f screwed into the drum-spindle a. f and f. are kei)t in 
contact by a brass spring, so that the drum is rotated by the brass disc. The 
coned pulley c is driven by a running cord, and on the same ixis is a smaller 
coned pulley k and a brass ring ii covered with rubber. AVhen r is brought 
into contact with the edge of the disc n the latter is set in movement, and 
thus gives a rapid movement to the drum. The coned pulk y k by an endless 
cord drives a second pulley g on a second axis, the end of which is a screw. 
The screw fits into a toothed projection on the rim of the wheel d,so that when 
s and D arc in contact, as in the figure, the rotation of s gives a slow move- 
ment to the disc d. Those two axes are fixed on a base j^ivoting about a 
point hidden in the drawing by pulley o. When the handle ii is carried over 
to the left, the rubber disc R comes into contact with the disc n, and the screw 
s is removed. When, on the other hand, the handle H is to the right, r is 
removei and s brought into contact with the disc. 

As a general rule, the various movements we have to record are 
small in extent, and it therefore becomes necessary to magnify them 
at the time we record them. This is usually effected by employing 
some form of lever, the extremity of which is made of a writing-point, 



Fio. 31. — Muscle held in Muscle-forceps f and attached to Simple Lever l. 


and which is fixed, at a point near its axis, to the muscle or other 
tissue whose movements are to be recorded. The degree of magnifica- 
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tion then varies inversely as the distance of the point of attachment 
from the axis. Fig. 31 represents such a SIMPLE LEVER l, which 
is represented as arranged for recording the movement of a muscle m, 
whose upper end is held firmly in the MUSCLE FORCEPS f. All 
recording levers should be made as light as possible, consistent with 
sufficient rigidity to prevent distortion of the record by vibrations set 
up in the lever itself. The question of lightness is of the greatest 
importance when rapid movements are to be recorded. 

Another form of lever which is also very commonly employed is 
the CRANK LEVER. This consists of a lever with two arms fixed at 
right angles to each other. It is represented in fig. 37, p. 31, as 
being used for recording a simple twitch of a muscle. One of the two 
arms is long, and when used is fixed horizontally. This is the writing 
lever. The other is fixed vertically, is much shorter, and is the lever 
to which the muscle is attached. The muscle in this instance lies 
horizontally, so that with a crank lever the movement of the writing 
point is at right angles to the direction of the movement recorded. 

When we wish to excite a muscle electrically it is necessary to have a 
pair of electrodes by which the shock may be carried to the muscle or nerve 
to be excited. There are very many forms of these which can be employed. 

A simple form, readily made, is 
shown in fig. 32. Two very thin 
and flexible copper wires, a and B, 
covered with silk are taken and 
twisted together at d and e. A 
small cork c is taken transfixed by 
a pin p and two shallow cuts made 
in it. The wires are then forced 
into the cuts, as seen in the figure. 
This holds the wires firmly. Near 
the ends of the wires a drop of 
melted sealing-wax w is fixed, so 
as to hold the wires parallel to one 
another and about 1 mm. apart. 
The wires arc then cut off about 4 mm. beyond the wax, and these projecting 
pieces bared by scraping off tlie silk insulation. In many cases it is a 
further advantage to imbed the imcovered i)oints in wax, and only expose 
the wires for about 1 mm., and on one surface only. This tends to prevent 
escape of the current to surrounding parts. 



Fig. 32. — Simple Foiim of Wire 
Electrodes. 


MINIMAL. AND MAXIMAL EXCITATION 

If the strength of the excitation be varied, it is found that the 
response of the muscle varies in amount. This should be studied in 
the following way. 

Experiment 5. —Cover and blacken a drum. Dissect out a muscle and 
attach it either to a simple-lever or to a crank -lever myograph. Fit up the 



MAXIMAL AND MINIMAL STIMULI i>7 

exciting apparatus with a contact key m the primary and a Du Bois key 
in the secondary. The 'muscle may bo stimulated either directly or 
indirectly. Arrange the electrodes accordingly. Keniove the secondary coil 
to some distance from the primary. Bring the writing-point to the drum 
surface, and while the latter is at rest close and open the key in the primary. 
No contraction results either on make or on break. If one occur move the 
secondary further from the primary. Gradually move the secondary up to 
the primary, when a position will bo found at which a slight twitch will 
occur at break. This is recorded as a vortical line on the drum. Now turn 
the drum by hand through about •5 cm. Move up the secondary coil 1 cm. 
and stimulate as before. Kepeat gradually, incre:i:Sing the strength of the 
stimulus and moving the drum after each contraction has been recorded. 
At a certain position the make shock will be found to cause a contraction as 
well as the break. After a time it will be found that a further increase ot 
the strength of the stimulus does not lead to an increase in ihe height of the 
contraction. 

Fig. 33 records an experiment carried out in this way. It was 
obtained from a gastrocnemius with indirect stimulation, and a 
magnification of 5. The first indication of a contraction was on break 
with the secondary coil at 17 cm. of the scale. This strength of 
stimulus is called the MINIMAL STIMULUS, and the contraction is 



Fig. 33. — Heights op Contkaction op a Muscle with Dipfkrent Stuengths op 
Stimuli. The Numbers Hepeh to the Distances op the Secondary Coil. 
The Interrupted Link above Shows the Instants at which the Primary 
Cubrent was Made and Broken. A Bisk in this Line indicates Make, a 
Fall Break. 

also termed minimal ; any strength of stimulus lower than that was 
for this muscle sub-minimal. As the stimulus was increased it is seen 
that the contractions on break increased at first rapidly, and then more 
slowly, but that beyond 9 cm. the height did not increase. The 
stimulus at 9 cm. was therefore a MAXIMAL STIMULUS. All 
strengths of stimulus below this were SUB-MAXIMAL. A con- 
traction on make was first obtained when the secondary coil stood 
at 13 cm., and this rapidly increased in amount till it reached a maxi- 
mum at 9 cm. 
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The tracing also shows one other point of some importance. It is 
to be noticed that the heights of the break contractions do not show 
a perfectly uniform gradation, but offer some irregularities. This is 
due mainly to irregularities in the strength of the stimulus, for the 
induced shock at break is in reality compound, and caused mainly by 
the break of the current, and also by the break extra-current which 
sparks across in quite an irregular manner at the instant the break io 
effected. 


TJNIPOLAIl EXCITATION 

Experiment 6. — Set up the coil to give single shocks, and at first only 
attach one wire to the secondary coil. Excise a nerve muscle preparation, 
and placing it upon a dry glass plate put the single wire from the secondary 
coil under the nerve. On opening or closing no contraction occurs. Next 
insert a second wire in the remaining terminal of the secondary coil and 
attach its other end to a gas pipe and so to the earth. A contraction will now 
occur both on opening or closing the primary circuit. 

Thus it is seen that, in the latter case, the amount of current 
which passes through the earth and the glass plate is sufficient to 
stimulate the nerve. It js in order to avoid excitation in this way 
that the Du Bois key is used as a short-circuiting key in the secondary 
circuit. 


RECORDING MOVEMENTS BY MEANS OP TAMBOURS 

In recording movements of different parts of the body, it is often 
necessary to be able to transmit that movement to some little distance 
because the part cannot be conveniently brought sufficiently near to 
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the recording surface to be able to write its movements directly upon 
the surface. When this is the case, one of the most convenient 
methods is to employ a pair of tambours, one of which is termed the 
receiving tambour and the other the recording tambour. 

Each tambour consists of a shallow circular metal box whose upper 
surface consists of a rubber membrane so that it is air-tight. A tube leads 
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into tlie interior of eacli, and the two tambours are through these connected 
by a piece of rubber tubing. When thus connected a pubhing-in of the 
membrane of the receiving tambour causes a corresponding rise of the 
membrane of the recording tambour, and to the same extent if the two 
tambours are of the same size. The form of the receiving tambour varies 
according to the purpose for which it is intended. The form of the recording 
tambour is showm in lig. B4. The Hat metal box, provided witli a side tubular 
/, is represented at a» This is covered above by the rubber membrane 6, to 
the centre of which is attached a metal disc c with a vertical jointed rod 
which moves the recording lever d. The amount of magnilication may be 
varied b}" altering the position of the jointed rod with respect to the axis of 
the writing lever. 

Another form of tambour is represented in fig. Bf). It consists of an 
oblong vulcanite base on whoso upper surface is a shallow circular cavity into 
which the metal tube t opens. This is covered with thin rubber membrane, 
which is attached to tlie vulcanite with a little Canada balsai**. The upper 
surface of the rubber is covered by a brass plate v with a central circular 
aperture through whi^h the rubber r is seen. The movements of the mem- 
brane are transmitted by the cork c to the writing lever l. The axis of this 
lever is hold on a rod, which can be clamped in any position by the screw it, 
and adjusted to any height by a vertical rod passing through the vulcanite 
base aniJ fixed by the screw s'. The advantages of this form arc that the 




Fig. Bi). - a Skconu Foim or Rkcoiiijino Tamim)Uii. 



rubber membrane is very quickly replaced, and is easily made air-tight. The 
metal plate p is held on by two stout rubber bands, b' and b*, and by changing 
this for one with a larger or smaller central aperture the sensitiveness of the 
taii'bour can be afeonce decreased or increased. 
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CHAPTER III 

A SINGLE CONTRACTION OF A FROG*S MUSCLE. ITS MODIFICATION 
UNDER CHANGES IN THE EXTERNAL CONDITIONS 

If a single stimulus of very short duration be applied to a muscle 
or its nerve, the muscle responds by giving a contraction of very short 
duration. This is termed a simple twitch, and is to be studied as in 
the following experiment. 

Experiment 1. — Record a simple twitch of a muscle setting up the 
apparatus in the following way (see hg. 37). Connect one terminal of a 
battery ii to one terminal of the primary coil J» o, and the second terminal of 
this to the mercury key k, and thence to the special break key k‘, from tJie 
second terminal of wliicli a wire is connected to the battery. The details of 
construction of the break key are shown in fig. 36. A brass pillar i) rotates 

about a vertical axis upon two bearings, 
and to it is fixed a bent brass rod a. 
To the metal bearings of d a binding 
screw ])' is connected, and this is fixed 
in an insulating base of vulcanite. A 
brass tongue u slightly curved upwards 
at its free end, is also fixed to the vul- 
canite base, and is connected to the 
second binding screw The free 

extremity of B is slightly notched to 
receive the rod a, and the two are kept 
firmly in contact by a screw, part of 
which is seen in the figure under the 
vulcanite base, whicli tends to force b 
upwards. If a current be made to 
enter at b* it will pass to d, thence along a to b, and so out from b ’. If now a be 
knocked on one side the current is broken directly a and b are separated. The 
drum having been covered and smoked is placed in position, and the arm a 
( fig. 37), fixed to a collar fitting on the axle of the cjdinder, is brought into such 
a position that there isa well-blackened smooth piece of pape^at the front of the 
drum, when the arm a touches the rod of the break key k*. The two terminals 
of the secondary coil sc are connected to the two blocks of the Du Rois friction 
key K‘^, and to the remaining two terminals are connected the two wires of the elec- 
trodes E. A gastrocnemius-sciatic preparation is now excised, the femur fixed 
to the cork x)late of the myograph, and a fine thread tied to the tendon of the 
muscle, thus connecting it to the vertical arm of the crank lever. A small weight 
w is attached to the horizontal arm at a point near its axis, and the muscle so 
fixed that the writing lever is horizontal or points slightly downwards. The 
nerve is now laid across the wire electrodes, the key being kept closed. A 
tuning-fork f, or a chronograph, is arranged to write its tracing vertically 
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Fig. 37. -rL.vx of the AiiiuxoiiMEXi of the Apparatus for Kecordixg a Simple Twitch. 
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under the myograph lever. Before either writing-point is allowed to touch 
the smoked surface, the drum should be set in motion to see that the front of it 
rotates from right to left. The secondary coil is now brought into such a 
position that maximal contractions are obtained when the key k is opened. 
The drum is now rotated until the rod a is a little in front of the arm of the 
brefik k(3y k’. Adjust the writing-point of the lever l- to touch the drum 
surface whilst the tuning-fork f is not in contact. The key k‘ is closed and 
then is opened. The drum is next very slowly rotated by hand until 
the arm a breaks the key and the shock thus produced in the secondary 
coil causes a twitch of the muscle, which is recorded as a vertical line on the 
smoked surface. The key k- is again closed. We now know that, no matter 
at what rate the drum bo rotating, at the instant at which the arm a breaks 
the primary circuit the writing-point must be exactly opposite the vertical 
lino just recorded. In other words, this vertical line represents the instant at 
which the stimulus will be sent into the nerve, i,e. it is the point of stimula- 
tion. Now rotate the drum through about a half-revolution, set the tuning- 
fork vibrating, and bring its wTitiiig-point in contact with the surface. Close 
the key and open K-. Set the drum revolving by switching the friction 
wheel below the coned pulley p into contact with the wheel h, the arm a 
breaks the contact of k‘, a stimulus is sent to the nerve, and the muscle con- 
tracts. As soon as the writing lever has returned to rest, the drum is stopped. 
This takes as a rule about half a revolution. The key k- is closed /ind the 
writing-point of the tuning-fork removed from the surface. The writing- 
point of the lever is once more brought accurately on to the abscissa line, and 
the drum rotated so that a horizontal lino is recorded on the drum. .This is 
the zero- abscissa line. 

The drum is again rotated till the w'riting-i)oint is brought to the line 
marking the point of stimulation, when the lever is depressed until it cuts 
the time tracing. In a similar way vertical arcs are drawn opposite the 
following three points: (1) the point at wdiich tlio tracing leaves the zero- 
abscissa linti ; (‘2) the highest point of the curve ; and (53) the point when it 
regains the abscissa lino. One or two of faicIi ^curves should be taken, and 
the curves given by different muscles should also be recorded. A tracing by 
a hyoglosHUs preparation is especially useful. This may be stimulated 
directly, for wliich jmrpose one electrode wire is wound round the pin fixing 
the hyoid cartilage to tlio cork plate, and the other may be attached to the 
bent pill passing through the tip of the muscle, or it may be passed directly 
througli tlie tongue from side to side. This wire should be very fine. The 
papeir may now be removed from the drum, a note of the nature of the experi- 
ment may be written upon it by a finely pointed pen, and it may then be 
fixed by drawing it through a dish of varnish,* afterwards allowing it to dry. 

In this way the curve of fig. 38 was obtained. The point of stimu- 
lation is marked at a, and b, c, d are the other three points mentioned 
above. The rate of vibration of the tuning-fork is 200 per second. 
The muscle from which it was obtained was a hyoglossus, and the 
writing-point magnified the movement of the muscle three times. The 
curved lines a a-, h c and dd', written while the smoked surface 
was stationary, are taken for the purpose of making the time measure- 
ments more accurately. The curve is seen to fall naturally into three 
parts : — 

* A very convenient varnish consists of 260 c.c. of best white-hard varnish to 
which 1 litre of methylated spirit and 10 c.c. of castor oil are added. This dries 
quickly and gives a dull surface to the tracing. 
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(i.) From the point jof stimulation, to the point of commencing 
<!ontraction, b. This is the LATENT PERIOD. During this time 
there is no change of length. The chronograph tracing a'b^ shows 
that this occupied l^hs of a second, Le. *01 sec. This method does 
not give accurately the true measurement of muscle latency. It is too 
high. More accurate measurements by specially designed methods 
show it to vary from 003 to *008 sec. for frog’s muscle. There are 
several reasons why a measurement by the above method cannot give 
the true result. In the first place, a muscle does not contract simul- 
taneously all over, but the contraction starts at some one spot and 
then spreads in a wave-like manner over the rest of the muscle. 
Following an excitation at one spot, the fibres in that position contract, 
but do not at first lead to a movement of the recording lever, but 
rather to a stretching of the remainder of the fibre both above and 
below the point contracting. This is because the parts which have to 
be moved possess some inertia, and the part whose earliest movement we 
wish to record is not united to the lever by a rigid connection, nor is its 
upper end rigidly fixed, but at both ends muscle tissue is interposed. 

As muscle is elastic the first result of the contraction of a part of 
a fibre is a stretching of the neighbouring parts, and movement will 
only be communicated to the lowest extremity when either the 
whole of the fibre has commenced to contract, or when the increase of 
tension by the stretching has been transmitted through the elastic 
fibre to that extremity. 

(ii.) From the point of commencing contraction b to the highest 
point of the curve c. This is termed the PERIOD OF CONTRACTION. 
The curve is for about the first tlurd convex to the abscissa line, which 
means that the rate of the contraction is gradually increasing. This rate 
of contraction is at first very slow, as seen by the acute angle which the 
first part of the curve makes with the abscissa ; it then rapidly increases, 
as shown by the increasing inclination to the abscissa, and very soon 
reaches a maximum rapidity. From this, again, there is another change 
in rate, this time in the reverse direction, for the curve becomes con- 
cave to the abscissa line, and gradually, shortening becomes slower 
until at last it ceg.ses, when the tangent to the curve becomes parallel 
to the abscissa line. The time occupied by the writing point in 
travelling from h to c, as shown by the piece of time tracing b' c\ was 
2 * 0 ^ ths of a second, ie. -075 sec. 

(iii.) The third portion of the tracing is from the highest point c 
to the point r/, at which the lever again reaches the abscissa line. This 
part is called the PERIOD OF RELAXATION. The terminal point, 
d, is often a difficult one to determine with any accuracy, because the 
lever does not come instantly to rest ; but, as it always possesses some 

D 
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inertia, it oscillates for a time about a mean position which it 
ultimately reaches. The difficulty therefore is purely instrumental, 
and should be reduced to a minimum by working with as light a lever 
as possible. It is particularly marked when the relaxation process is 
carried out very rapidly, and is completely absent when, from any 
cause, the time is prolonged. An examination of this part of the 
curve shows practically the same changes as the preceding portion, 
though in the reverse order. It is at first concave, and then, after an 
intermediate portion in which the change of curvature is but slight, 
it becomes convex to the abscissa line. These changes mean that at 
first the rate of relaxation increases slowly, then more rapidly, until 
a maximum rate is attained, and from this gradually diminishes until 
relaxation ceases. The length of time occupied by this process, in the 
curve of fig. 38, is seen, by measuring to be ^V^^ths of a second, or 


Pio. 38. — Isotonic Twitch ov a Hyoolossus Muscle. Ti»ie Tracing, 200 per sec. 
Magnification, 3 (i.e. the Vertical Ordinate represents 3 times the 
AMOUNT of shortening AT THAT INSTANt). 

*075 sec. ; but this time measurement is not to be regarded as quite so ac- 
curate as the two preceding— it is probably estimated a little too high. 

By adding up these three time measurements it is seen that for 
this twitch the total time occupied was *16 sec. 

So far we have been mainly occupied in a study of the curve with 
regard to its time relations, but there are other points which the curve 
can teach us. In the first place the height of the curve will tell us 
the amount of the shortening that took place. The height of c from 
the abscissa line is found to be exactly 20 mm. ; and as the magnifica- 
tion of the movement was 3, the amount the muscle contracted was 
20 

mm. The length of the muscle when loaded by the lever was 

28 mm. Consequently the muscle contracted^ le, nearly a 

3 2o 

quarter of its whole length. 

We may in the next place estimate the amount of work per- 
formed by the muscle during its twitch. This is given by the product 
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of the load lifted into. the height through which it is moved, or w 
In this experiment the load, including the lever, was adjusted 

to be 2 gnus. Hence the total work was 2 x 13*33 grm. mm. 

3 

This work was effected by the muscle in the time *075 sec. Hence 
the mean rate at which the muscle worked during its contraction was 
13*33 

=178 grm. mm, per sec. 

The load was not, however, retained at ttie highest point, but 

F» 



AO 0 

Fig. 39- — To Illustratk the Meaning of the Curve of Fig. 38. 

was allowed to fall again, and the lever ultimately came to rest at 
exactly the same level as at the start. Therefore, in falling, the load 
performed exactlj&the same amount of work upon the muscle as had 
been previously performed by the muscle upon the load. Moreover as 
in this particular example the time occupied in the relaxation happens 
to be identical with that of the contraction, the mean rate at which it 
was performed was identical with that of the former. 

The exact meaning of the curve of fig. 38 or of any other curve taken 
upon the same principle by the graphic method will be rendered very 
evident by a study of fig. 39. In this figure a b c d is an exact repro- 
duction of the curve of fie. 38. All measurements along a d represent 
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time, and ordinates at right angles to this indicate for this particular 
example changes in length of the muscle. The muscle was 26 mm. 
long ; consequently a f' has been drawn at right angles to ad and of 
three times that length (78 mm.) because the recording lever in tracing 
the curve magnified the shortening three times. F 1 F 9 has been drawn 
parallel to ad and divided at Fj, Fs, F3 ... by a series of points 
which follow one another at intervals of four vibrations of the tuning- 
fork. Hence f, F2, f.^ f.), . . . &c. each represent T^Vth of a second. 
Then F2 F3 G3 . . . d have been drawn parallel to a f, to cut 
the curve in 02 , 03 . ... In this way we are able to state that at the 
instant a, at which the muscle was stimulated, its length was ^ a f. 

of a second later its length was ^ F 2 G 2 
- 2 ,ths ditto ditto F 3 G 3 

fl^oths ditto ditto ^ P 4 G 4 

'^~^ths ditto ditto F 9 D 

It should be remembered that in a great number of these graphic 
records the true interpretation to be placed on the curves Is onl similar 



Fia. 40.— SiMi'LK Twitch op a Gastrocnemius. Time Tracing, 200 per sec. 

Maontkicatjon, 5. 

to the above. As a rule, however, we shall find it sufficient to take 
into account only changes inleng^, width, &c., according to the move- 
ment which is being recorded. 

For purposes of comparison fig. 40 is introduced. This is a curve 
obtained in the same way, but given by a gastrocnemius. It shows the 
same features as those of fig. 38. The latent period is 0*01 sec. ; the 
period of contraction 0*05 sec. ; and that of relaxation 0*1 sec. The 
magnification in this case was five-fold. « 

In recording a single miiscle contraction by the method we have 
just employed, there is one factor in the method which causes an 
inaccuracy in the result we are aiming at, and as it leads to several im- 
portant considerations we must examine into it with some detail. 
This is that the recording lever must possess a certain amount of mass, 
and, as a consequence, is unable to follow alterations in length in 
an absolute manner, more particularly when those alterations are 


THE EFFECT OF INERTIA 


37 


effected at some speed.. That the mode of action of this factor may 
be made more clear, let us consider what happens during the twitch 
of a muscle to which a weight is directly attached. The force exerted 
by the muscle during its contraction acts directly on the weight, 
which it sets in motion, and produces an acceleration in it directly 
proportional to the force and inversely proportional to the mass 
moved. The result is that the weight gains a certain amount of 
kinetic energy by virtue of which it will continue to move upwards, 
even though the muscle force ceases to act upon it, until that kinetic 
energy is neutralised by the constantly acting force of gravity. This 
is exactly the condition, then, when the force of the contraction begins 
to diminish ; and if, as is usually the case, we are actually recording 
the movement of the weight, the record of the true alteration of length 
is distorted by the operation of this acceleration. But the acceleration 
introduces another alteration which is even of greater influence, for 
as the acceleration upwards increases, so more and more of the 
weighty ceases to pull directly upon the muscle, ix. its tension 
diminishes. The result of a diminution in tension is that the elastic 
force of the muscle comes into play and produces a shortening which 
thus interferes with the shortening process we are attempting to 
record. The greriter the load pulling upon the muscle the more will 
the action of acceleration interfere with the record. In the second 
process, that of relaxation, acceleration again comes into play. At 
first the tension diminishes because the weight does not follow the 
rapid relaxation instantaneously, but with a certain delay. When the 
relaxation is, however, becoming slower, the weight is moving down- 
wards with a certain velocity imparted to it by the action of gravity, 
and a time is reached when the weight is moving downwards with a 
velocity greater than the rate of lengthening of the muscle. The 
result is it acts upon the muscle and the tension begins to rise, 
increasing until it is equal to the weight plus that force necessary to 
stop the acceleration. The muscle is therefore stretched beyond its 
initial length, and then, when the acceleration of the weight is stopped, 
the excess of tension over load acts upon the weight which is once 
more lifted, acceleration imparted to it, and the whole process is once 
more repeated, until with a few more oscillations the weight at last 
comes into equilibrium. 

These final oscillations are to be observed in all tracings, and 
fig. 41 is reproduced especially in order to show them. The muscle 
recording was the double hyoglossus and the magnification five times. 
The only load attached to the muscle was the recording lever, in 
this case made of a light straw of about 25 cm. in length. The 
preparation was the same one that had been previously employed 
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to give the tracing of fig. 38, where we note that these oscillations are 

I much less. To 

diminish the effects 
, . of acceleration we 

■o 

must always aim at 
I employing recording 
g levers of as small a 

fa . . 

^ mass as is compati- 
jg ble with the neces- 
sary rigidity. The 
w lever used for fig. 38 
« was much lighter 
^ than that used for 

I fig- 41. 

It is, however, 
5 necessary for many 
^ experimei^ts to 
H study the contrac- 
H tion when the mus- 
. cle is loaded. We 
i have seen that if 
^ we apply the load 
SI directly under the 
^ muscle, acceleration 
< must come into play 
g with the result that 
g the tension does not 
I remain constant, but 
g during the earliest 
ro part of the contrac- 
I tion period is in- 
I creased, and during 
g the later part and 
^ most of the period 
§ of relaxation it is 
w below that of the 
S weight, and at the 
^ end of relaxation it 
^ rapidly rises, and 
after a few oscilla- 

o 

£ tions ultimately 
reaches the initial 
tension. The part 
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of the curve most markedly affected is the apex. Acceleration pro- 
duces a greater distortion the greater the rapidity of the movement 
we are attempting to record. 

In order to be able to record twitches under different tensions, and 
yet ensure that the tension remains practically constant througliout, 
Fick introduced what is known as the isotonic method. The end 
aimed at is to prevent acceleration of any part to be moved which 
possesses mass. This Fick obtained appi oxiniately by the arrange- 
ment shown in fig. 42. The weight w is not applied clij ectly beneath 
the muscle m, but to a small pulley on the axis a, and tlicrefore much 
nearer the axis than the point of attachment of the muscle. In the 
particular lever drawn ihe muscle is attaclied to the point p of the 
lever, 10 cm. from the axis. This part of the lever consists of a light 
flat aluminium ha.id, so tliat it is rigid in the direction in which move- 
ment takes place. The pulley luis a radius of 5 mm. Hence the 
tension on the muscle is 2 ’,, th of the 
weight \v. The movement of the 
weight upwards is also only .A)th 
of the muscle movement, and con- 
sequently the bad effects of acce- 
leration are diminished twenty- 
fold. The curves of flgs. 38 and 
40 are taken with this lever. 

There is a second important 
aspect from which we can study 
the physical manifestations of the 
processes underlying a muscle 
contraction. This lies in answers to the questions : What happens if 
a muscle is prevented from shortening when it is stiinulat63d ? What 
variation in tension, if any, takes place ? To investigate this problem 
Fick invented the isometric method, in which change of tension is re- 
corded and change of length is practically prevented. The principle of 
the method is illustrated by fig. 43. The muscle m is attached abov (3 
to a rigid support and below to a lever, c a, at a point near its axis, 
A. The lever is continued behind a in the form of a stiff spring, 
A 13, which rests* on a rigidly fixed knife edge at n. A light writing 
point,’ c, is attached to record the movements of A c. When the 
muscle is stimulated it tends to contract and lift up A c, but this is 
resisted by the spring a b, which is chosen of such a strength that 
the movement is very nearly prevented. The small upward move- 
ment of the lower muscle end is highly magnified by the long leyer 
A D, and records the amount of bending of the spring A n. If now the 
fbrees required to bend the spring so as to produce definite move- 
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ments of the writing point are previously determined experimentally^ 
any position of the writing point will be known to be caused by the 




M 



A ^ 

Fig. 43. - Thk Principle op the Isometric Method. 

exertion of a certain force by the muscle. In this way, then, we may 
record variations in the force exerted by the muscle at different 
instants of its contraction. 

Experiment 2. — Record an Isometric twitch by means of the apparatus 
shown in iig. 44. The upper end of the muscle is to be fixed in the muscle 
forceps. The lower end by means of an S-shaped hook is attached to the 
lover X at a point near its axis. This axis consists of a stiff steel wire, w, 
which can be clamped at any position by the screw About 2 mm. from 
the end of the axis the lever x is rigidly fixed perpendicular to it, and the project- 
ing piece fits loosely into a small socket in the brass support a. The brass arm b 
carrying the axis can be adjusted horizontally and clamped in any position 



Ficj. 44. Muscle Attached to an Isometric Lever. 


by the screw s\ so that the free end of the axis just rests in its socket. Any 
rotation of the lever now produces a torsion in the steel axis, and this torsion 
is proportional to the amount of rotation of the lever. By hanging weights 
on the lever and observing the torsions produced we shall then know that 
when that same displacement is produced by a muscle the tension exerted, 
which is exactly opposed by the torsion of the wire, is to be measured by the 
previousl3’^ applied weights. Arrange the recording and stimulating apparatus 
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as for a simple twitch, p. 30, and then dissect out a niiiscle preparation. 
This should be the seinrtnembranosus and gracihs (see p, It we choose 

a small muscle which will only exert a small tension, a long piece of the 
torsion wire must be taken , if a powerful niuscle a shoit piece. The muscle 
may be stimulated diiectl^ or indirectly. Rccoid the twitch and tuning-fork 
tracmg as befoie, and then deternune the point ot stimulation and draw an 
abscissa line. Next reino\e the muscle and to the lo\er attach a thread, 
which passes over a pulley held in the muscle forceps and to its free end hang 
a weight. This pulls up the lev er and the writing point. By rotating the 
drum draw a line parallel to the zero ab» cissa. Now hang on a laiger weight, 
and so obtain a second line, and by a senes ot tl esc evaluate the mov omeiits 
of the v/riting point. 

The foini of ciuve obtained by this niotliod is seen m fig. 4/3 
These cuives weie all taken fioin the same double seiniinem 



Fig. 45. — Thbke Isomktkic Twitches with Difeehknt Initiat. Tensions. The 
Numbers on the Left indicate the Number of Grams rrquireb to Brino 
THE Lever to the Level of the Corresponding Horizontal Link. 

branosus and gracilis preparation with maximal stimuli, the only 
alteration in tlft conditions of the three experiments being with regard 
to the initial tension of the muscle. The horizontal lines indicate^ 
the amount of displacement of the lever by given weights, which are 
expressed in grams. 

Prt The general form of the curve is seen to closely correspond to 
that of an isotonic twitch, but measurement shows a few important 
differences. There is a latent period, a period of rising tension, and 
one of falling tension. The apex of the curve is seen to be rounded. 
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The rise of tension is seen to be, on the whole, fairly uniform in rate, 
being slow at the commencement, and near the apex. Undula- 
■ tions on the curve are instrumental in character, and are due to the 
extremely disadvantageous position from which the lever is moved. 

The measurements of such curves should be arranged in tabular 
form, as in the following table : — 



Initial 
Teuisiou 
in drams 

Maximum 
Tension in 
drams 

Latent 
Teriotl 
in Secs. 

Apex Time 
in Secs. 

Total Time 
in Secs. 

I 

0 

30-4 

•005 

•067 

•117 

IT 

i 5-7 

! 55(i 

•000 

•00 

•142 

III 

10-7 

I 0(5*7 

•007 

•005 

•170 


From this table it is seen that the maximum tension attained 
during a twitch becomes greater when the initial tension is raised. 
With rise in initial tension the latent period, apex time, and total 
time all increase, but the greatest increase is in the period of ^falling 
tension. 

By comparing these three measurements with those given for an 
isotonic twitch (pp. 33-36) it is seen that the apex time for an isotonic 
twitch is longer than for an isometric, but that the period of relaxa- 
tion is practically the same as the period of decreasing tension. 

The aim of an isometric twitch is to be able to record the tensions 
a muscle is able to exert at each instant of a twitch carried out when 
it is prevented from shortening. It is important to recognise that 
the methods employed for this purpose can only give us an approxi- 
mate result. This is due to the fact that we cannot prevent the 
muscle fibres from shortening, at any rate in part. When a muscle 
is stimulated the whole length of each fibre does not commence con- 
tracting at the same instant, but one part is first affected, and from 
this, as a centre, a wave of contraction travels along the whole fibre. 
As a result the part which first contracts exerts an increased tension 
upon the rest of the muscle fibre, which it stretches, and at the same 
time this extension allows it to contract. We could get a better 
solution to the problem if we could simultaneously stimulate the 
whole length of each muscle fibre, so that all its pai'cs commenced 
contracting at the same instant. 

THE METHOD OP AFTER-LOAD 

In our study of the muscle twitch up to this point we have mainly 
been dealing with contractions carried out whilst the load on the 
muscle was as nearly as possible constant. There is, however, another 
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method which very commonly obtains in many of onv bodily move- 
ments, in which the muscle is under a low tension until it commences 
to contract, and then, only, experiences a rise of tension. We can 
imitate such a process by the plan of supportinpj the weight, and only 
allowing it to act on the muscle when it has already begun to con- 
tract. This is called the method of after-loading. 

Experiment 3. — To examine the nature of a twitch iiiuler such circmii- 
Btances arrange the apparatus as for taking a simple twitcli. Prepare a 
gastrocnemius and attach it to the modified simple lever c«hown in fig. 46. 
This consists of an ordinary simple lever, but to the frame carrying the axis 
is fitted a stout brass plate, ii, which runs parallel to the writing lever but not 
vertically under it. The end of this plate has a piece which projects under 
the lever and carries a screw, s. This can be screwed up ro that the tip of 
the screw can support the metal part of the WTiting lever at any level. 
Load the muscle, with a load of 20.//., whicn, preferably, should be applied 



Fio. 4(J.— Aku\x<5KMknt of Simfle Lkvku fou Bixiokdino itv the Method op 


Afteu-j.oad. 

by a proportionately heavier weight attached nearer to the axis. Screw 
down the screw so that the whole load is carried by the muscle, and bring 
the writing lever to a horizontal position. Now record a simple twitch. 
Next screw up the screw to support the writing lever, so that the writing 
point is placed at the level of the apex of the curve just taken. Record 
from this position another curve. It will be found that the muscle still 
raises the lever. Raise the screw s once again until the level of the 
writing point is at the summit of this second curve, and again record a twitch. 
Repeat the process tw'o or three times more. 

Fig. 47 gives a series of curves obtained in this way. They are 
taken from a gastrocnemius in the uicanner described. The very 
striking and highly characteristic feature of these curves is that 
though the wetght is supported at a level which it just reached at 
the height of a previous contraction, yet it is further raised when the 
muscle is again stimulated. Under such conditions, then, the muscle 
contracts to a greater degree than when freely loaded. As was to be 
expected, the latent period is longer in this second case, and, as the 
tracings show, becomes still further prolonged as the height of sup- 
port of the weight is increased. The time measurements show for 
the four successive curves here reproduced *01 sec., *035 sec., ‘042 sec., 
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and *065 sec. respectively. Two things are happening in these 
later twitches which account for this difference. In the first place, 
the muscle is taking in any ‘ slack ’ there may be. Secondly, and 



Fig. 47. — Twitches Taken under the Principle of After-loading. 


more important, it is gradually increasing its tension until it is able 
to lift the load. The first part of such a twitch is therefore isometric ; 
but beyond a certain point it suddenly becomes isotonic, and its 
shortening is then registered. 


AliTERATIOHS JN THE SIMPLE TWITCH BROUGHT 
ABOUT BY VARIOUS CONDITIONS 

I. The Influence of Temperature. — The differences in a simple 
twitch, brought about when the same muscle is at different tem- 
peratures, may be studied in many ways. If we are recording the 
twitches by a crank lever the muscle may be laid upon a metal base 
arranged so that it can be heated. Thus, in one form, the base is 
hollow so that water at different temperatures can be circulated 
through it. In another a stout metal wire is soldered to it, which is 
immersed in water at different temperatures, and so its temperature 
raised or lowered as required. In another form the muscle is sus- 
pended in a small moist air chamber made of hollow metal walls 
through which water is circulated. The chamber is completely closed 
except by a small orifice at the bottom through which the thread 
passes, attaching the lower end of the muscle to the recording 
lever. One of the most convenient forms is shown fig. 48. This 
is to be employed for the purpose in the following experiment : — 

Experiment 4. — Arrange the apparatus as for taking a simple twitch. 
Fit a cork c (fig. 48) tightly on to the lower end of the metal L-pi©c® a b c. 
A weight w is hung round the little pulley d of the recording lever, so that 
it rotates the lever upwards. A muscle preparation is then made and its 
lower end fixed firmly by a pin to the upper edge of the cork c. The best 
preparation for the purpose is a hyoglossus or a sartorius, but a gastrocne- 
mius may also be used. The upper end of the muscle is then fixed by a fine 
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thread to the lever. Thfe tension on the muscle may be varied by altering the 
weight w. ^ The electrode wires £rom the secondary coil are connected (1) to 
the pin fixing the lower end m, and (2) by a very fine light wire, n, passing 
through the upper end of the muscle. With this apparatus each twitch of 
the muscle pulls the lever downwards. The magnification should be about 
threefold or a little higher. The temperature of the muscle can now be 
altered at will by bringing up a 
small beaker containing a fluid 
at the required temperature, so as 
to immerse the muscle and the 
vertical limb of the L-piece. The 
immersion fluid may be normal 
saline made with tap water instead 
of distilled water, though it is bet- 
ter to employ defibrinated ox-blood 
which has been diluted with four 
times its bulk of normal Sidine 
solution, for it is found that the cha- 
racter of the contraction is very 
markedly altered if a muscle b(i Ai i'ahatus fimi Vajiyino tuk 

soaked in normal saline for any lKMri:it.\Tuuj:s ok a Musi m: i»y Immkubion. 
length^f time. Having set up the muscle immerse it in fluid at about C. for 
three or four minutes, and then remove the fluid and record a twitch in the 
usual way. Without removing the writing point from the surface, again im- 
merse the muscle, having previously warmed the beaker of fluid by placing 
it in warm water until its temperature has risen lcr)”(^ In throe minutes 
remove the beat'.r and, if necessary, accurately adjust the writing point to 
the level of the previous abscissa, and then record a K(>cond twitch. 

Rtipoat this for several higher tcniperatnres, when a tracing similar 
to that of fig. 49 will l)e obtained. This tracing was given hy a 
hyoglossus, the drum moving at a rapid rate. The various points in 
the curves should now he examined and the necessary measununents 
arranged in tabular form, as has been done in the following table for 
the curves of fig. 49 : — 


1 

TL'niiwratim* 

i 

Lati-iil. IVTKMi i 

Tiim.* 

INiaxatloii 

'riliu' 

1 ftl' 

rwitcrii ill 

iiiiii. 

ATraii Hat. 
ni' W'urk 

7° C. 

4-5 

3(*» 

37 

14 

20 

10 

3-25 

20 

2S 

10-5 

35 

15 

30 

15 

21 

0-25 

41 

20 

2*75 

11 

14 

K-r, 

47 

25 

25 


10 

H-5 

58 
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1-5 

H-5 

8 
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78 


In this table all the time measurements are recorded in ii,\r»ths of 
a second, and for the height of twitch the highest point of the tracing 
from the abscissa line in millimetres. The amount of contraction is 
therefore obtained by dividing these last figures by 3, the amount 
of magnification. As the load was the same in all cases the total 
work in each case is proportional to the figures of the fifth column. 
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The mean rate of work is given in grm 
mm. per second in the last column. 

From the tracing and from the 
measurements given in the table the fol- 
lowing points can be induced. 

1. As the temperature rises the latent 
period, as measured by this method, gra- 
dually decreases, at first with some 
rapidity and then more slowly. These 
experiments, however, do not prove that 
the true latent period is diminished, for, 
as above explained, there are several 
factors at play tending to make the 
measurement by this method too high. 
The differences can probably be entirely 
accounted for in this experiment by the 
increase in the rate of propagation of the 
muscle wave as the temperature rises. 

2. The period of contraction becomes 
markedly shorter as the temperature rises : 
at first the rate very rapidly increases, 
but after about 15° C., though still in- 
creasing, its rate of increase is much 
slower. 

3. The period of relaxation varies in 
the same manner, but to a more marked 
degree. When the temperature is low 
relaxation is slower than contraction, in 
many experiments very much more so 
than in this particular instance. At higher 
temperatures relaxation is carried out 
more rapidly than contraction. 

4. Perhaps the most interesting point 
in the whole series is with regard to the 
height of the twitch. In this case the 
maximum height was at 7® C., and the 
height diminished as the temperature rose 
to 20° C., at which a relative minimum 
height occurred. When the temperature 
was still further raised the height of twitch 
began once more to increase, and tended 
towards a second maximum at about 
30° C. 
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5. As the load was the same throughout the series of twitches, 
the total work performed in the several cases is proportional to the 
heights of lift, and therefore shows the same variations as those pointed 
out in 4. If, however, we examine the work from the point of view 
of the rate at which it was performed we see from the figures of the 
last column that there is a progressive increase in the rate of work- 
ing which is particularly marked when the relative minimum height 
at 20° C. has been passed. These rates of work are calculated, as 
previoup-ly described (p. 35), hy dividing the amount ot shortening by 
the time of contraction and multiplying by the load, which in this 
instance was one gram. 

For purposes of comparison in fig. 50 is reproduced a similar 
series where the. gastrocnemius was employed. The ai rangernent of 
the apparatus was slightly diflerent, being the one figured on p. 112, 
the muscle being fixed in the position at which the heart is there 



Fig. fiO. — TwiTCfiE.s of a Gastiiocnkmiuh at Diffkiiknt TKMrEUATUUKH. Time 
Tkacino, 200 i*Eu BKc. Magnification, 6 . 


attached. The time tracing is 100 per sec., and the drum was moved 
at a rather slower rate. The general result is the same as in the 
previous example ; but it is to be noticed that there is no relative 
minimum of height of twitch at 20° C. 

To complete our account of the influences of temperature upon 
the twitch there are one or two other facts known which do not 
appear in these tracings. It is found that if the temperature be still 
further lowered the total height of twitch is still further increased, 
and the relaxation much more markedly prolonged, and, as 0° C. is 
approached, there is a rapid change in the direction of diminution 
in the amount of contraction, till at last none is produced. If, on the 
other hand, the temperature be still further raised the amount of con- 
traction increases until about 32° C. is reached : from this tempera- 
ture the height rapidly diminishes, until the muscle goes into heat 
contraction at 34° C. The twitches at the higher temperature are of 
the same total duration, although their height is less. 
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II. The Influence of Load. — The effect of load upon the characters 
of a simple twitch are to be studied in three ways: (1) where the 
load is applied by the isotonic method ; (2) where it is applied 
directly to the muscle ; (3) where the load only acts on the muscle 
when it begins to contract. 

Experiment .5. — Arrange the apparatus as for a simple twitch. Prepare 
a muscle and iix it in the isotonic lever as in fig. 42. The writing lever 
should be made as light as possible. The ordinary crank myograph lever 
could also be employed, in which case the loads are to be applied at a point 
near to the axis. First record a simxde twitch with the muscle weighted by 
the lever only. Then hang on a weight to the imlley by a thread. This 
extends the musclei and the writing ];>oint must therefore be brought back to 
its original level by raising the upper support of the muscle. Now record a 
second twitch. Increase the weight and bring the lever once more to its 
original level and record a third contraction. This may also be repeated 
until the amount of the contraction becomes very small. 


Fig. 51 shows a tracing obtained in this way. The muscle was 
the hyoglossiis. The loads in grams additional to the weight of the 



Fio. .51 . — Twitchus of a Hyogi-oksus with Dift''kuknt Loads. Time Tracing, 
200 PER SEC. Magnification, H. 

lever are written over the curves. Fig. 52 is a similar figure taken 
from a gastrocnemius. 
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Fig. 52. — Twitches or a Gastrocnemius with Different Loads. 
Magnification, 5. 

The following effects are to be noticed.:— 

1. The latent period increases as the load increases. 

2. The length of the period of contraction also tends to increase. 
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This is better ^een in fig. 52, obtained from a gastrocnemius, than in 
fig. 51, from a hyoglossus. 

3. The period of relaxation is at first markedly decreased. With 
higher loads it tends to increase again, often to a considerable degi*ee. 

4.. The heights of the contraction progressively diminish as the 
load rises. 


III. THE INFLUENCE OF VERATRINE 

Expeiimcnt 6, — Destroy a frog’s brain by pithing, leaving the spinal 
cord intact. Inject 5 minims of a 0*00.5 per cent, solution of veratrino dis- 
solved in normal saline sohition by the aid of a drop of weak sulphuric acid. 
Arrange the apparatus for taking a single contraction, but with the drum to 
rotate at a much slower rate (about 0 cm. per minute). Aftr * about half an 
hour pith the spinal cord snd tlissect out the gastrocneniius and sciatic, and 
fix the muscle in the myogra])h. In the proj>aration of the miisclo caro 
should be taken to avoid stimulating it or its nerve. Adjust the writing 
point to the blackened siirface, and set the drum rotating. At any instant 
the muscle may be stimulated by opening the break key by hand. Note that 
the excitability is diminished, and a stronger stimulus than usual is required. 
The contfaction will be effected quickly, but the relaxation is carried <uit 
very slowly, occupying some seconds. As soon as the muscle has completely 
relaxed, stimulate it once more. It will bo found that tlie character of the 
twitch is conqdetely altered. It is much mure rapid. One or two more 
contractions may also be rc?c()rded, and then the muscle all )W’cd to rest for a 
time. If it be then once more stimulated it will be found that the muscle 
has again returned to its previotis state and the contraction is greatly pro- 
longed. 

The most satisfactory preparation to use for this experiment is the 
hyoglossus. This is attached to the lever in the usual wsiy, and then a few 
drops of a 1 per 100, 900 solution of veratrine in normal saline is injected into 
the large lymph sac in which the hyoglossus lies. If a \ cry w'oak solution bo 
directly employed in this way the muscle is ready for use almost at once, 
and the experiment never fails. 

Fig. 53 represents two curves produced in such an experiment. 
Curve 1 is the first twitch, and curve ii the sixth recorded. The first 
curve shows the characteristic effect produced. The early part of the 
period of contraction is effected as rapidly as in a normal twitch, but 
the latter part is very slow, lasting three seconds. The period of relaxa- 
tion is 46 seconds. In curve ii the total duration of the twitch 
has greatly diminished, viz. to 18 seconds, and another feature is 
present which is highly characteristic of veratrine ; namely, that there 
is a double apex. The first contraction is carried out almost as 
rapidly as in a simple twitch, and it is then followed by a second con- 
traction of very slow course, with rounded apex and showing a slow 
relaxation. The form of such a curve varies considerably in different 
instances. Sometimes the muscle may almost completely relax before 
the second contraction sets in, or again the second contraction may 
follow the first when that has reached its apex as in tracing i. If 
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the muscle be made to contract more frequently, and has not received 
too large a dose of veratrine, an almost normal contraction may be 
produced after a few stimulations. 



Fig. 53. — Two Twitches given by a Muscle Poisoned with Veratrine. 
Time in Seconds. 


THE WOBK PERFORMED DURING A TWITCH 

<• 

We have already pointed out how the amount of work performed 
during a twitch can be determined, and have studied some variations 
which occur on altering the conditions under which the contraction 
is carried out. It now remains to examine more completely the 
variations in the amount of work as the load is increased. The 
amount of work is represented by the product of the load lifted into 
the height of lift, so that if we simply require the total work per- 
formed we need only record the heights of the series of twitches. 

Experiment 7. — Arrange the primary coil with a spring key for 
making and breaking the circuit by hand. Place a Du Bois key in the 
secondary with two fine wires for electrodes. Prepare the myograph lever and 
measure the dist^ces of the point of attachment of the muscle and the end 
of the writing point from the axis. The writing point should be cut so that 
the ratio of the two is some simple multiple, e.g. 5. Next prepare a gastro- 
cnemius and attach one electrode to the fixed end, the other to the movable 
end of the muscle. Adjust the position of the secondary coil until it just 
gives maximal stimuli. Load the muscle with a tension of 40 grams, apply- 
ing the weight at a point nearer the axis than the point of attachment of the 
muscle. The weight required to produce a tension of 40 grams will be 
found by naultiplying 40 by the ratio between distance of muscle attach- 
ment to axis to distance of weight attachment to axis.* This tension will 
elongate the muscle. The lever must therefore be brought back to the 
horizontal by altering the position of the fixed end of the muscle. Rotate 
the same a little to mark the level of the lever. Stimulate with a make 
shock recording the height of twitch on a stationary blackened surface. 
Increase the tension to So grams and repeat the process. Take a series of 
heights in this way, each time increasing the load by a fresh 40 grams.' 

' The load chosen must depend on the size of the muscle. That of 40 grms. 
as here given is the most convenient for a medium-sized gastrocnemius. 
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In this way a series of vertical lines have been recorded which 
give the heights of the several contractions. Now take a piece of 
squared paper and mark off these contractions in series, say 1 cm. 
apart, measuring each contraction from the short horizontal mark to 
the apex. In this way a series of lines similar to those above o x in 
fig. 54 will be recorded. Mark above each the weight with which the 
muscle was loaded at that contraction. The experiment from which 



Ordinates above o x ark Heights op Twitch ; the Rectangles below REritE- 
SENT the Amounts op Work. 

fig. 54 was drawn was carried out in this way. Distances measured 
along ox represent loads. Lines drawn parallel to oy represent 
heights of contraction, and in this experiment they are magnified 
five-fold. Each cm. measured along ox from o represents 40 grams. 
The work performed during one of the oontraotionsy c.(/. 15 D, is 4 b D 
X 160 grm. mm., b d to be measured in mm. As o b represents the 
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load and b d the height of contraction, the work is represented by 
o B X B D, i , e . by the rectangle o b d k, and similarly for all the other 
contractions. These rectangles are not, however, readily comparable ; 
therefore proceed in the following manner. Determine the number of 
grm. mms. of work performed in each contraction and divide this by 
10 ; measure off on the squared paper a line equal to the number 
obtained vertically under the contraction. Thus for the contraction 
B D, the work was \ o b x b d grm. mms. = i x 160 x 18 = 576. 
Therefore a line b b 57*6 mm. was drawn as a continuation of d b. 
Then complete the rectangle b l m n, which then contains 576 
sq. mms., and therefore represents the total work performed, 1 sq. mm., 
representing 1 grm. mm. of work. It will of course be t of the 
rectangle o d. In a similar manner the other rectangles were drawn 
and represent the other amounts of work for each contraction. The 
aim of this has been to represent each successive work by rectangles 
upon equal bases of 10 mm., and therefore the heights are a measure 
of the work done and at once appeal to the eye. , 

We see directly that the amount of work performed at first 
increased rapidly as the load was increased, and reached a maximum 
at a load of 160 g. From that point it decreased, but at a less rapid 
rate than it had increased, and at 320 g, although the height of liffc 
was only i mm., the amount of work performed was considerable. At 
360 g. the muscle only gave a scarcely perceptible lift. 

This experiment also gives us a means of determining one other 
point in a muscle twitch, viz. the amount of load it is just able to lift 
when it is stimulated. In order, however, to get comparable results it 
is necessary to expresss this weight in a form for a definite amount of 
muscle. As it depends directly upon the transverse sectional area of 
the muscle, it is usual to express it in grams per sq. cm. of sectional area, 
and it is then spoken of as the * ABSOLUTE FORCE ' of the muscle. 

We may gain this approximately from the preceding experiment if 
we know the length and transverse section of the muscle. In order to 
obtain these, the weight, specific gravity, and length were measured. 
These were : W = *329 g. S.G. = 1-104, Z = 21-25 mm. The load it 
was just unable to lift was 360 g. Its volume {v) is given by 
W *329 

g ^-=: ~ Therefore its average 


transverse section ^ = oi or == Hence the absolute 

L «1*aO 

force per sq. mm. of transverse sectional area was 25-6 grms. 

Hence the absolute force per sq. cm. of sectional area was 2,560 
grams. 
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The absolute force of a muscle varies considerably in different 
muscles and in different animals. For mammalian muscles it is much 
higher than in the case of the frog's muscle. Determinations made 
upon the gastrocnemius have given results of as much as 8,000 to 
10,000 grams per sq. cm. 

THE PENDULUM MYOGRAPH 


A form of recording surface which has been largely employed for 
recording a single twitch of a muscle is the pendulum myograph, a 
:simple form of which is shown in fig. 55. 



Fig. 55.— Simple Form of Pendulum Myograph. 


It consists of a sheet of plate glass which is covered with glazed paper, 
and its surface is then smoked. This glass is held in a support at the end of 
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a wooden pendulum swinging on two steel points at the upper angle of a large 
triangular frame. Clips are provided at either side of the frame by which 
the pendulum may be held at either side. Projecting from the lower end of 
the middle of the pendulum is a tongue of metal which breaks the contact 
of a special trigger-key the details of which are shown in fig. 56. It 

consists of a brass trigger d fixed 
on an axis on which there is a 
sector J which is in contact with a 
brass spring a, connected to a 
binding screw The trigger is 
represented in the figure in an un< 
stable position, so that if its iipper 
end is moved slightly to the right, 
the spring a will bring it into con- 
tact with the end of the screw s. If, 
on the other hand, it is moved a little 
to the left, the spring will make it 
move downwards. The screw s 
fits in a pillar p connected by a strip 
of brass c to a binding screw b'. 
The screw is tipped with platinum 
and comes into contact with a platinum plate let into the surface of the 
trigger n. If a current be sent through the key by the binding screws, it 
is closed only when the trigger d is in contact with the screw s. In that 
position the trigger is kept in contact by the spring. As soon as d is knocked 
to the left, the contact is broken and is not again closed if the trigger be carried 
beyond the neutral point in which it is drawn in the figure, being prevented 
from returning by the spring a. 

Exjjeriment 8. — T(^e a simple muscle curve with this myograph. In- 
sert the trigger key in the circuit of the primary coil, and place a Du Bois 
key in the secondary. Make a hyoglossus preparation and fix it to the 
recording lever, with electrodes for stimulating it directly. Close the trigger 
key, and with the pendulum hanging vertically bring the writing point to 
the surface ; next bring the contact at the bottom of the pendulum to touch 
the trigger key while this is still pressed tightly to the screw s. Make a 
little vertical mark with the writing lever at this spot. This marks the 
point of stimulation. Now lift the pendulum until it is caught in the catch 
on the right, and having opened the Du Bois key, release the pendulum, 
which will then swing across and be caught in the catch on the opposite side. 
At the middle of the swing it will knock over the trigger, and the break shock 
ill the secondary will thus excite the muscle. Finally draw a zero abscissa 
line moving the xiendulum by hand, and take a time tracing underneath. 

Fig. 57 shows the form of curve thus obtained. The zero abscissa 
line is, of course, an arc of a circle of radius equal to the length of the 
pendulum. 

The form of the curve is identical with those already studied in 
previous experiments. Time measurements should be made of the 
curve. 



Fio. 56. — TiuaoEii Key. 



Fifl. 57.— Simple Twitch of Htoolosscs Muscle recoeded by the Pesdclum Myograph. Time Tpacisg, 100 per sec. MiosinpAiioji, 5. a is 
THE Point of Stimcutios, be the Pebioo of Co.vthactiox, aN'd cd that op Eelamios. 
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CHAPTER IV 

SUMMATION OF MUSCULAR CONTRACTION. TETANUS 

In order to study the nature and the production of a prolonged tetanic 
muscular contraction it is necessary to first examine the effect of 
applying a second stimulus to a muscle before the contraction caused 
by the first has ceased. This may be done by using some form of 
apparatus of the general principle of that described in the following 
experiment. 

Experiment 1. — To the upper end of the shaft of the drum are fixed two 
brass collars, s^ s^, which can be clamped in any position by means of screws. 
Held in the collars are two brass rods, ii', terminating in flexible strips of 
brass, m‘, m'^. To the upright of the drum is clamped an insulating vulcanite 
base, on which is fixed a stiff brass rod, x, to which a binding screw, bS is 
connected. A second binding screw, b‘^, is attached at any convenient position of 
the metal stand of the drum. The arm is now adjusted in the collar, so that 
the spring m'^ just touches the tongue x, and the collar is rotated until a smooth 
piece of the blackened paper is opposite the writing point when the two are 
in contact. The second arm r’ is similarly adjusted. The primary circuit 
is now arranged so that the current passes from the battery to one terminal 
of the primary coil, from the second terminal of this to the binding screw b', 
and from the binding screw b'^ back to the battery. Whenever either arm 
R', b‘ touches the metal x the circuit is then closed and travels through 
the coil to b', through the metal x to the arm r^, and so up the shaft of the 
dnun to its stand, and then through the binding screw b^ back to the battery. 
As the drum is rotated a little further the spring m'^ is bent until it slips off 
the metal-piece x and the circuit is broken. 

Make a nerve-muscle preparation (the muscle may be stimulated directly, 
in which case the nerve need not be prepared) and fit it to the myograph. 
Place the electrodes under the nerve (or so that the stimulus is sent through 
the whole length of the muscle) and move the secondary qoil until the break 
shock will give a maximal contraction while the make shock is still ineffec- 
tive. Bring the writing point to the surface and mark the two points of 
stimulation by very slowly rotating the drum by hand. As the first spring 
touches the metal-piece an induced shock is produced in the secondary circuit, 
which, however, is not sufficient to stimulate the nerve or muscle. When 
rotated a little further the spring leaves the metal-piece x, the current is 
broken, and the induced shock stiinulates the nerve or muscle, the muscle 
contracts, and so records the point of stimulation. In a similar way the 
second point of stimulation is also recorded. 

At first the second contact m* sliould be fixe£ftt some little angular distance 
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from the first, so that the contraction caused by the first shall have had time 
to be completed before the second stimulus is sent in. The necessary* 
ang^ilar distance will .of course depend upon the rate of rotation of the 
drum. ^ This need not be very rapid — about 10 to 15 cm. per second 
at the circumference. The contraction will then extend over about 1 cm. 



Fio. 58 . — Aiuianokmk^t of Part of Drum for ai’J‘'.yino Two Stimuli to 

- A Muscle. 


of the paper. The double contraction may now be recorded witli the drum 
in motion. Next move the second contact a little nearer the first and lower 
the myograph, so that it will record at a fresh level of the smoked surface. 
Mark the two points of stimulation as before, and then record the two con- 
tractions. liepeat this several times, on eacli occasion moving the second 
contact a little nearer to the first. 

In this manner a series of curves will be recorded similar to those 
of fig. 59. In 1 and 2 the first contraction was finished before the 
second stimulation reached the muscle. The effect of tlie second stimu- 
lation is therefore a repetition of the first. A closer examination, how- 
ever, shows certain differences. In the first place the second contrac- 
tion is higher than the first, 9 75 mm. and 9 mm. for 1 ; 10 mm. and 
9 mm. for 2. "Secondly, the total duration of the twitch is longer in 
the second than the first, 13*5 mm. and 11 mm. for 1 ; 15 mm. and 
13 mm. for 2. In tracing 3 the second excitation fell at about the com- 
mencement of the last third of the relaxation period of the first contrac- 
tion and the commencement of the second contraction just before the 
lever reached the abscissa line. In 4 and 5 excitation occurred during 
the relaxation period of the first contraction ; in 6 at about the apex 
of the first, and in 7 during the early part of the period of con- 
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tractidn. We see that in these last five curves there is a summation 
of effect. The second apex is at a higher level than the first, and 



Fio. 69. — Effect of Two Successive Stimuli, with Gbaduallt Diminishing 
Intervals, upon a Gastrocnemius. 
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the maximum summation effect occurred in curve 6, where the height 
of the second apex is 17 cm. as compared with 16’5 for the second 
apex of 5 ; 14-25 cm. for that of 4 ; 13 cm. for that of 3 ; and 9 cm. 
for that of the first apex. As a general statement, it is found that the 
height of the second contraction is gi*eatest when the instant of stimu- 
lation falls at the commencement of the last third of the period of 
contraction of the previous twitch. In connection with the height of 
the second twitch it is seen from curves 3 and 4 that when the com- 
mencement of the second contraction falls in the lower half of the re- 
laxation of the first the height of the second contraction, as measured 
from the level at which it starts, is higher than the height of the 
first. 

With regard to the time of the second contraction one other point 
of interest is found, viz. that the apex time of the second contraction 
is less than the apex time of the first, where by apex time is meant 
the total time elapsing from the instant of stimulation till the highest 
point oj. the curve is reached. 


THE GENESIS OF TETANUS 

A study of the effect of applying two stimuli to a muscle or its 
nerve, the time interval between the two being varied, naturally 
leads to a consideration of the effect which will be obtained by ex- 
tending the number of stimuli. 


To gain an answer to this it is necessary to have some form of apparatus 
which will give a series of stimuli at regular intervals, and further allow of 
an alteration of that interval. There are many forms of apparatus that will 
effect this, but the simplest consists of a flat steel spring which can be clamped 
in different positions, and whose free end is provided with a platinum wire 
by means of which a circuit may be closed with each vibration of the spring. 
The rate of vibration with a given spring depends, solely, upon the length of 
spring which is allowed to vibrate, and increases as the spring is sliortened. 
To keep up the vibration of the spring it is usual to introduce an electromagnet 
which attracts it as soon as the circuit is closed. The method of fitting up 
the apparatus is shown in tig. 60 . a o is the flat steel spring which can bo 
firmly held in any position by the clamp o. At a a platinum wire is soldered 
to the fi:ee end oSf the spring, and this can close a circuit by dipping into the 
mercury m held in a vulcanite cup. e is an electromagnet held abovo the 
vibrating reed. In order to get regular vibration of the reed the electromagnet 
should be fixed at a point about two-thirds of the length of the spring away 
from the clamp {i,e, nearer to a than its position, as shown in the figure). To 
fit up the apparatus connect one terminal of the battery u with the mercury 
cup by means of the binding screw t*. Connect the clamp of the reed by its 
binding screw t to one terminal, of the electromagnet and the second, 
T*, to one terminal, p’, of the primary coil. The second terminal of the coil 
is then connected to the batter3\ Supposing now that the platinum wire a 
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dips into the mercury, the circuit is closed, and consequently the electromagnet 
attracts the^iron reed, the point of ^hich is thus lifted from the mercury, aiid 
the circuit is broken. The reed then falls, the cmTent is again made, and the 
cycle repeated indefinitely. Note that the general principle of the whole 
arrangement is precisely the same as that of the Neef s hammer attached to 
the inductorium. The only difference that we have is, that the length of the 
reed, and consequently the rate at which it vibrates, is easily adjustable, 
whereas in the Neefs hammer the rate of vibration is permanently fixed. 
In some ways it is rather more convenient to fix the reed so that it vibrates 
horizontally instead of vertically, as in fig. 61. The idatinum point is then 
bent downwards and the mercury cup overfilled, and so adjusted that the 
I>latiniim point makes contact by touching the side of the merciury. By 
using it in this position there are fewer adjustments to be made when the 
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spring lias to be changed to a fresh position, and it will be found that the spring 
vibrates rather more regularly. The wire connections are the same as in the 
previous case. 

. In using the reed each time the platinum dips into the ^nercury, a make 
shock is produced in the secondary; and each time it is lifted from the 
mercury a break shock is produced, so that there are two stimuli for each 
complete vibration, which are, moreover, of unequal value. This is a great 
disadvantage in the employment of the vibrating reed which can, to a certain 
extent, be overcome by so regulating the position of the secondary relatively 
to the primary that only the break shocks are effective in producing a twitch. 
Even then, however, we must not consider the make shock as producing no 
effect, for it is fomid that a shock which in itself is insufficient to cause 
a contraction can produce an alteration in the nerve or muscle, which is 
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shown in a difference in effect produced by a second stimulus which rapidly 
follows it. 

The moke shock (or break shock) may be cut out by using the key shown 
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in fig. 19, and fitting in the two nolclied wheels instead of the sectors. 
Alteration in the rate at which the stimuli are sent in can then be effected by 
altering the rapidity at which the key is driven. 

Exiieriment ‘2. — Adjust the vibrating reed as just described, at first clamping 
it ([uite at the end, so that it vibrates tw'o to three times per second. Mak(} 
a nerve muscle preparation and fix it in a simple lover or crank lover 
myograph, and having covered and smoked the drum arrange it so that it 
rotates at the rate of 6 cm. per second. Adjust the secondary coil, using a 
Du Bois key as a short-circuiting key and i>lacing the coil in such a x>ositioii 
that it gives maximal shocks on break while the make shocks do not stimulate. 
Close the key in the secondary circuit, set the vibrating reed in action, 
bring the writing point up to the smoked surface, and allow the drum to 
rotate. Open the key in the secondary for about one to two seconds, and thus 
allow the shocks to reach the nerve. The muscle contracts and its movements 
are recorded. Stop the drum and next shorten the length of vibrating reed, 
and take a second tracing in the same manner as before. Take a series of 
tracings in this way, between each, making the reed vibrate a little faster 
by shortening it. When the reed has been sufficiently shortened the effect 
at last produced is a complete tetanus. 

In an experiment carried out as thus described the series of 
tracings shown in fig. 62 were obtained. The time tracing in all cases 
was eight per second. The preparation was the gastrocnemius stimu- 
lated indirectly, and the magnification was threefold. In curve 1 the 
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Fia. 62. - The Giudual Puoduction of Tetanus as the Rate op Stimulation was Inciusased. 




GENESIS OF TETANUS 


as 

rate of stimulation was four per second, and it is seen that each 
contraction is distinct. On measuring the heights of the twitches 
it will be found that the second is a little higher than the first, and 
the third a trace higher than the second, the last four all being of 
the same height. This * staircase ’ effect, very slightly marked in this 
particular instance, is usually to be observed, especially if the pre- 
paration be very fresh and has not been injured during its removal. 
It shows that by a contraction a muscle is brought into such a 
state that an immediately following stimulus of the same strength 
evokes a more powerful response. That it is a question of increased 
capacity of performing work rather than an increase of excitability 
is indicated by the fact that it is to be observed when maximal 
stimuli are employed. 

In curve 2 the rate of stimulation was increased to ton per 
second. We see that the first contraction was nearly complete 
before the second stimulus led to a fresh contraction. The lever did 
not reach the zero abscissa line, and some summation occurred. The 
third stimulus effected a contraction before relaxation was complete, 
and a fresh summation occurred ; and so on for the later contractions, 
though after the fourth the maximum height of contraction did not 
increase. 

In curve 3 the rate of stimulation was furtlier increased 'to sixteen 
per second, and a much greater summation of effect is recorded. The 
second apex lies well above the first, the third above the second, but to 
a less extent, and the fourth above the tliiid, though here the increase 
of shortening was only slight. From this the apices remained at practi- 
cally a uniform level. An interesting point is to be noticed in this 
curve, viz. that the lowest points of the undulations of the curve 
become progressively at a higher level as stimulation proceeds. This 
effect is due to fatigue brought about by the number of contractions 
the muscle has been made to give. One of the effects of fatigue (see 
chap. V.) is found to be a marked slowing of the rate of relaxation, 
so that as this was produced in this instance the later stimuli began 
to produce their effects on the muscle before relaxation had proceeded 
quite as far as in the preceding contraction. 

In curve 4 i!he rate was increased to 18*5 per second, and in 5 to 
22 per second. The curves show practically the same points as those 
already described for 3. The only difference, apart from the lesser 
excursion of the oscillations, is that there is more summation, and 
therefore both upper and lower apices are at a higher level than in 
the preceding curves. 

Curve 6 shows a similar condition, though carried to a further 
degree. The line joining the upper apices is approximated to that 
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joining the lower, and in addition one other feature is observed, viz 
that the amount of contraction progressively increases throughout. 

In these last four curves it is to be noticed that the relaxations of 
the first few contractions progressively increase. In curve 5, for 
instance, the first relaxation is practicaily nil, the second 2 mm., the 
third 3 mm., the fourth 3 mm., and at a later stage when fatigue 
begins to set in, they again diminish in amount, due to the cause 
already explained. The meaning of this increase in relaxation 
receives a certain degree of explanation in the light of the fact already 



Fig. 63 .— Tiik Gknksis of Tktanus with slow Rotation of Rkcobdino Surface. 

studied, that the apex time of the second twitch in a summation 
series is less than that of the first. The diminution of apex time in a 
series has also been found to extend to the third, and in favourable 
cases to a fourth or later contraction. 

In the last curve (7) a practically complete tetanus is recorded 
which was produced when the rate had reached thirty per second. It 
is seen that the upper line of the whole curve very gradually ascends. 
There are slight wavy oscillations on this line, which, however, are 
not synchronous with the series of stimuli. 
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In a similar manner repeat the experiment upon a hyoglossus. 
The experiment may be further modified by reducing the rate of 
rotation of the drum to 1 cm. per second. In this way fig. 63 was 
obtained, the magnification being twofold. The figure brings out 
clearly the same points as those we have already studied in the pre- 
ceding instance. With the slower rate of recording surface the way 
in which the lines joining the apices or bases of the successive 
contractions ascend is very clearly seen. 

Take a tracing of complete tetanus employing the Neef s hammer 
of the coil for the purpose, when a tracing similar to curve 7, fig. 62, 
p. 62, will be obtained. 

ExpeHnient 3. — To effect this, attach the two polos of a? attery to the two 
pillars of the coil, and adjust the vibrating hniiiiner until it works coiitinu> 
oiisly. Insert a Du Bois key in the secondary circuit as a short-circuiting 
key. Excise a nerve-muscle preparation and fit it in a myograph, laying the 
.nerve across the electrodes. Upon a slowly moving surface record the result 
of 8timul(9tion of the nerve for a short time, llepeat, varying the strength of 
the stimuli. 


K 
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CHAPTER V 

FATIGUE OF MUSCLE 

A PERFECTLY fresh muscle possesses in itself a certain store of 
potential energy in the form of chemical substances by whose decom- 
position the muscle is able to perform a definite amount of work, or 
exert a definite force. If the muscle be caused to contract and produce 
either a series of twitches or a prolonged tetanic contrac^iion, this 
chemical energy becomes more and more used up, and the muscle 
passes into a stiite in which it becomes more and more difiicult for it 
to respond to the stimuli sent to it. This difficulty is due primarily 
to the using up of the initial store of chemical energy, and secondarily 
to the accumulation of chemical bodies of the nature of waste 
products which obstruct the action of the physico-chemical processes 
which are the basis of a ni useless activity. In this state a muscle 
is said to be fatigued. We can study this condition of fatigue, from 
a chemical standpoint, and again we may study it by contrasting its 
performances while in this state with its l)ehaviour under similar 
conditions when in a normal state. 

To show how a single twitch becomes modified as the muscle ' 
passes into fatigue proceed in the following way. 

Experiment 1. — Fit up the apparatus in a similar manner to that 
employed when studying the effect of two successivo stimuli upon muscle 
(fig. 58), but remove the second contact mS so that only a single stimulus is 
sent into the muscle with each revolution of the drum. The rate of rotation 
of the drum should be arranged so that a complete revolution occupies about 
two-thirds of a second. In this way the contact by touching x closes the 
primary circuit three times in two seconds, and the induced shocks of the 
secondary circuit are at this rate. A muscle preparation is now got ready 
and fitted into a myograph, and the electrodes fixed in position. The 
secondary coil is so placed that make shocks are ineffective. The point of 
stinmlation and an abscissa line are now drawn. It is of great importance 
that the writing point should in this experiment only draw a very fine line. 
The drum can now be set in rotation. With each revolution a twitch is 
caused which is recorded. After about ten to fifteen minutes the drum may 
be stopped, and the record examined. During this time firom 1,000 to 1,500 
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twitches will have been recorded, and unless the original contractions were 
great, and the writing point very fine, the lines will be found to have 
in many places largely obliterated one another. To obviate this it is best to 
only record each tenth or twentieth contraction, moving the writing point 
free from the surfia.ce during the intermediate twitches. In bringing it once 
more in position it is necessary that it should be brought back exactly to its 
first position, so that the point of stimulation is correctly placed. To carry 
this out with complete accuracy requires some mechanical means of adjust- 
ing the writing point to the surface. 

Fig. 64 reproduces a series of curves obtained in this way. The 
first six curves are numbered in the order in which they were taken. 
No. 1 was the first twitch ; 2 the sixth ; 3 the eleventh ; 4 the twenty- 
first ; 5 the thirty-first ; 6 the forty-first ; and the remainder at 
intervals of ten twitches. Curve No. 1 gives a typica' simple twitch. 
Curve 2 is seen to differ from this in a few points : — (i.) It starts from 
a rather higher level. This is not of great importance in this instance 
for this difference is chiefly of instrumental origin, (ii.) Both the 
period o^contraction and that of relaxation in 2 are rather longer 
than in 1. (iii.) On measurement the height of the twitch in 2 is 
found to be slightly higher than in 1. On contrasting 3 with 2 these 
differences come out even more clearly. 

After curve 3 the heights begin to gradually decrease, and the times 
of the different periods to increase. Thus the latent period gradually 
increases from *017 second to *03 second. Tlio contraction time 
increases, though not very greatly ; but the chief change is in the period 
of relaxation, which is seen to become very greatly extended, so much 
so that the drum has revolved and a fresh stimulus been received 
before relaxation is complete, as seen by the fact that the next con- 
traction starts with the lever at a higher level than in the previous 
curve. This condition of more or less permanent contraction is 
spoken of as contractur. If the experiment be carried on for a longer 
time it is found that the relaxation process to a certain degree 
recovers itself. Eelaxation time slowly diminishes after about four 
or five thousand twitches, but never attains the previous speed seen 
when the muscle was fresh. 

The condition^ of fatigue, then, is chiefly characterised by a slowing 
of the usual processes of a twitch, a diminution in height, i.e. in the 
total work performed, but most prominently by the prolonged time 
required for relaxation. The series of changes observed in fatigue 
may be to a considerable extent modified by variations of the external 
conditions. Thus, heat paarkedly accelerates the onset of fatigue. 
Load also hastens the production of fatigue ; but as it aids the relaxa- 
tion the condition of contractur is not so clearly seen. 




Fig. 64.— a series op Twitches of the Hyoglossus made to contract every half-second to show the alteration in the Twitch as the Muscle 
BECOMES Fatigued. The Curve numbered 1 was the first twitch; 2 the sixth; 3 the eleventh; 4 the tw^enty-first ; 5 the thirty- 

first, AND THEN EACH TENTH WAS RECORDED AND THE OTHERS OMITTED. TiME T^RACING, 200 PER SEC. MAGNIFICATION, 3. 
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Next study the effect of fatigue in producing alterations in the 
height of contraction, i.e. in the amount of work it is able to perform 
with constant load, by the following method : — 

Experiment 2. — Drive the cut-oat key, fig. 19, from the shafting em- 
ployed to drive the drum, so that it gives two shocks per second. Connect 
it with wires to give make shocks only. Fit up a chronograph to give a 
seconds time tracing. Dissect out the gastrocnemius or hyoglossus, and 
having fitted it to the myograph lever attach the electrode wires to stimulate 
directly, and then bring the secondary coil up to the primary until the con- 
tractions produced on each make of the primary circuit are maximal. Gear 
down the drum until it rotates at about the rate of 10 cm. pet minute. Bring 
the writing point to the recording surface, start the drum, and then open the 
short-circuiting key in the secondary circuit and record the contractions for 
about five minutes. 

In this manner the tracing of fig. 1, pi. 1, was obtained. The 
tracing was given by a hyoglossus preparation which was loaded by 
the weight of the lev^r only. The heights of twitch only are recorded. 
It is seen that the first ten twitches give a typical ‘ staircase ’ effect, 
and from^that point onwards, the heights gradually diminish to the end 
of the tracing, at first rapidly and then more slowly. The second point 
of interest is with regard to the line joining the basal points of the 
twitches. This is seen to gradually leave the zero abscissa lino, as 
fatigue sets in, which is to be explained by the fact we have already 
studied in the previous experiment, viz. that elongation becomes 
greatly prolonged, and hence a new stimulus reaches the muscle 
before it has had time to completely relax. The time at which the 
succeeding stimulus reaches the muscles falls progressively at earlier 
stages of the relaxation. There is produced therefore a condition of 
contractur. On stopping the stimulations the muscle is seen to 
slowly relax, but had not regained its initial length when the tracing 
was stopped. 

^ The muscle should now be allowed to rest for about ten minutes, 
and the experiment once more repeated, when a result similar to that 
of fig. 2, pi. 1, will be obtained. It gives as it were an epitome of the 
changes observed in the previous tracing. The changes in the 
twitches are brought about very rapidly instead of slowly, as in the 
first tracing. If Jhis tracing be carried on for a very long time it will 
be found that gradually almost complete fusion is obtained, and then 
again the undulations become much more marked. This last change 
occurs when the late stage is reached in which the relaxation process 
begins to shorten again. 

Experiment 8. — Study the effect of fatigue upon the tetanus curve by 
arranging the rate of the vibrating reed to just give complete fusion and 
record a tetanus by means of this, keeping the stimulation up until complete 
fatigue sets in. 
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It will be found (fig. 65) *that the contraction soon begins to 
diminish, at first with some rapidity and then more slowly as fatigue 
sets in. At a, fig. 65, the stimulation was stopped, and it is seen that 



there is no sudden fall of the lever, but only a gradual fall at almost 
the same rate as during the latter part of the period of stimulation. 
The muscle has passed into a marked degree of contractur. 


PLATE I. 
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five fold. Shows the alterations in the character of the twitch as the 
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CHAPTER VI 

THE THICKENING OF A MUSCLE ON CONTRACTION. 

THE MUSCLE WAVE. 

When a muscle shortens during a twitch it also thickens, and this 
thickening maybe studied in the following experiment, whose object is 
to magnify and record the changes in a transverse diameter at some 
convenient spot. 


Experiment 1. — Take a tracing of the tblckenlnr of a muscle during a 
contraction by means of the apparatus shown in fig. GO. Arrange the apparatus 



in the same way as for a simple twitch, but use the recording apparatus 
shown in the figure. Make a gastrocnemius preparation from a curarised 
frog,' and to its tendon attach a length of indiarubber, k. The muscle 
is laid upon a narrow wooden support, h, whose upper surface is covered 
with cork. The dipper end is fixed to this base by two pins, to which two 
fine wires ore soldered, thus forming a pair of electrodes. The end of the 
strip of rubber is pinned down to the cork base by a pin, so as to put the 
muscle slightly on the stretch. Resting on the muscle at a point near the 
electrodes is a light wire of aluminium, w, in the form of a hoop, the part 
touching the muscle being hammered out flat. This wire is connected 
below to a recording lever, l. 

' The frog is previously curarised in order to prevent excitation of the muscle 
trough its nerve (see pp. 76, 77). 
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A tracing obtained by this arrangement *tk shown in curve n, fig. 
67, and for purposes of comparison a simple twitch taken immediately 
after, under precisely the same conditions, by attaching a thread from 
the tendon to a crank lever is reproduced in curve i. The two curves 
show the following points of difference. 

(i.) The latent period in the case of ii is less than in i. The 
measurement given by the curve of thickening is just under *005 sec. 
This method is the one commonly employed for determining the latent 
period, the points to be especially observed being (a) to make all 



Fio. 67. — CuRvpj I THE Shortening, and Curve II the Thickening of a Semi* 
Memdranosub and Gracilis Preparation. Time Tracing, 200 per Sec. 

moving parts of the lightest possible character, and (b) to stimulate 
the muscle exactly at the spot on which the recording lever rests. 

(ii.) The amount of movement is very much less in the second 
tracing. This follows as a necessity when we remember that in the 
first instance the curve is a summation of the movements along the 
length of the whole muscle. The second is a summation of the 
different thickenings over one transverse section ; and as the length 
is much greater than the thickness, that of itself explains the 
main difference. Further thickening is not proportional to the 
amount of shortening, which therefore further accentuates the dif- 
ference. 

(iii.) The total duration of the second is a little less than that of 
the flbrst curve. This is because, in a contraction, the whole length of 
the muscle fibre does not contract simultaneously, but successively, 
whereas in the particular conditions of the expeximent thickeniiig 
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occurs simultaneously thstcughout the section upon which the recording 
lever rests. 

The Muscle Wave. — We have seen that when a muscle contracts, 
it passes through a series of phases, a latent period in which no 
change of form occurs followed by a period of shortening, and this 
again by one of relaxation ; and the same holds true for each fibre and 
further for each constituent part of that fibre. If we, for the time 
being, limit our attention to what is happening in a single fibre, it is 
found that all parts do not pass through the different phases of their 
contraction synchronously, but that the contraction travels along the 
fibre in the form of a wave. A study of fig. 68 will make this clearer. 
A B is supposed to represent a very long muscle fibre, which has been 
stimulated at the point a, and as a result a wave of contraction, 
represented by the bulging of the fibre between c and d, is travelling 
towards b. At a somewhat later instant than the one d^'awn, the 
condition of the fibre will be represented by the dotted lines, and the 
front of the wave of contraction will have reached the point k. nhas 
then passed through about half of its phases, and at c the muscle has 
returned to its initial form. The wave of contraction will in this way 



Fi(». 68 

travel on until it reaches and has passed over b, when the whole fibre 
will come to rest. In the study of a wave of such a nature we can 
gain a full knowledge of it, if we can determine its following 
characteristics : — 

(1) Its amplitude. 

(2) The rate at which it travels. 

(3) Its length. 

Its amplitude and general course can be ascertained by recording 
the changes in diameter of a section of the fibre as the wave passes 
over it. The method by which this is done has been carried out in 
experiment 1. Next by measuring the time interval between the 
first movement* at d and the corresponding change at E we can deter- 
mine its velocity after measuring the distance of e from d. Thus 
suppose the distance d e to be ^ centimetres, and the time occupied 
by the wave front in travelling from d to b to be < seconds ; then in one 

second the wave travels - cm., or in other words - is the velocity 
t t 

per second in centimetres. Lastly, if we determine the time the wave 
t||ikes to pass over any fixed point, we can determine its wave length 
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A, Le. the length c d of fig. 68. For if this time be V during that time 

a wave of velocity - will travel ^ x t' cms. But at the end of the 
t t 

measured interval V the wave is just leaving the fixed point. Hence 

A. = i X V cms. 
t 

Actual measurements show that this wave length is great as com- 
pared to the general length of a muscle fibre, so that a single fibre 
cannot present at any one instant all the phases representing a single 
wave of contraction. Referring to our diagram it is as if the part 
D E were the only piece available for observation, and we then had to 
study the wave of thickening as it travelled over that portion. Thus 
if we record the total changes at two positions on the fibre and the 
time relations of those changes, we can then determine all the 
characteristics of the wave. This we can do by the following 
method : -*■ 

Experiment 2. — Arrange the apparatus as for a simple twitch, fitting in 
& pair of pin electrodes. Curarise a frog and dissect out a gracilis and semi- 
membranosus preparation. Arrange this as shown in fig. 69. The prepara- 



Fio. 69. — Apparatus for Becordino the Thickening op a Muscle at Two 
Points, for the purpose op studying the Muscle Wave. 

tion M is pinned down to a cork base, at one end a pair of pin electrodes 
being used. Two levers, l' and l^, are then arranged as in the figure. Each 
lever consists of a light bar to which is jointed a light vertiesd bar termi- 
nating in a flattened foot to rest on the muscle. Each lever is held on a 
specially arranged block, a, which slides along a bar, d, and can be fixed in 
any position by a screw, c. The axis of the lever is carried on a plate, ^ 
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which can be rotated round the screw e, and by that screw clamped in any 
position to a. By movement along the horizontal rod d the levers can be 
approximated or separated to suit the length of the muscle. By rotation of 
the block a around the rod d the writing point of the lever can'^be raised or 
depressed, and fintdly by rotation of the plate b the writing point can be 
adjusted to the writing surface. By this apparatus we can record the changes 
in thickness of the muscle at two points separated by a distance which can be 
measured in millimetres. One lever is fixed near the pin electrodes, the other 
as far away as is convenient. 

On recording a single twitch the tracing obtained is similar 
to that of fig. 70. In this experiment the vertical lovers rested on 
the muscle at two points situated 16 mm. from each other, and 
each therefore records the variations of thickness rt tlioso two points. 

The electrodes were placed immediately under the point on which 
the upper lever rested. The time tracing is 200 per second. Hence 



Fio. 70.— The Thickening op a Muscle ; Cuuve I at 4 mm., and Cukvk II at 
20 MM. FllOM THE SPOT STIMULATED. MAGNIFICATION, 8. TiME TllACINU, 200 

PEB Sec. 

the measurements of the two latent periods are *0044 seebnd and 
*0094 second respectively. The difference is *005 second. Hence 
the muscle wave travelled from the first lever to the second, a 
distance of 16 mm., in *005 second ; therefore its rate was 3*2 metres 
per second. The temperature of the room and hence of the muscle 
was, in this experiment, 18® C. 

The time occupied by the total variation of thickness is seen for 
both curves to be *085 second. Hence the length of the muscle 
wave was *085 x 3*2 metres = 27*2 cm. 
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CHAPTER VII 

INDEPENDENT MUSCUDAR EXCITABILITY. EXCITATION OF MUSCLE 
BY THE CONSTANT CURRENT. POLARISATION OF ELECTRODES 

INDEPENDENT MUSCULAR EXCITABILITY 

By this is meant the property a living muscle fibre possesses of 
responding by a contraction to a stimulus applied directly to it. To 
prove that the muscle substance is itself excitable, it is necessary to 
devise an experiment in which the stimulation of the muscle-fibre via 
its nerve is altogether avoided. The experiments commonly adopted 
for this purpose are the following : — 

Experiment 1. — BERNARD’S CURARE EXPERIMENT. — Destroy 
the brain of a frog. Gut through the skin at the back of the left 
thigh for about an inch, separate out a short length of the sciatic 
nerve, and pass a stout ligature under it. Bring the ends of the 
ligature to the front of the thigh and tie tightly, thus including the 
whole of the structures of the limb with the exception of the sciatic 
nerve. Now inject a few drops of a one per cent, solution of curare 
(Indian arrow-poison) into the dorsal lymph sac and allow the frog to 
remain for about half an hour. At the end of that time the animal 
has become quite paralysed with the exception of the left leg. Pinch- 
ing the skin of the right leg produces no movement in that limb, but 
pinching the left leg leads to movements of the limb. Now dissect out 
both sciatic nerves right up to the vertebral column. Arrange a 
battery and coil for giving tetanising shocks and place the electrodes 
under the right sciatic nerve. Stimulation of the nerve in any part 
of its course has no effect upon the muscles which it supplies, but 
can produce refiex contraction of the leg muscles on ^ the left side. 
Next place the electrodes under the left sciatic. Stimulation of this 
nerve causes contractions of the leg and foot muscles of the same side 
wherever the electrodes are placed, whether close to the knee where 
it has not been exposed to the action of the poison in the blood, 
or atthat part nearthe vertebral column where the poison has been able 
to reach it. Finally apply the electrodes directly to any of the muscles 
of the right leg. They contract on stimulation. ^ 
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The action of the curare has been to destroy the physiological con- 
tinuity of muscle with its nerve fibre. The poison injected is rapidly 
absorbed into the blood, and so carried to all parts of the body with the 
exception of the left leg below the ligature, where the vessels have 
been occluded. The upper part of the left sciatic has been exposed to 
the poison, but is still excitable, showing that the action of the poison is 
not on nerve-fibre ; and as the muscles in any part of the body contract 
when directly excited, it follows that they are not the parts afi!eoted 
by the poison. The portion paralysed must therefore be situated at the 
connection of the nerve to the muscle, Le. the motor end plate or the 
smaU terminal piece of nerve which is unprotected by a medullary 
sheath. Just at this point, moreover, a very complex net of blood 
vessels is found, so that the part would be freely exposed to any poison 
present in the blood. 

From the same preparation we may also show another fact which 
further tends to the same conclusion. 

Experiment 2. — Using single induced break shocks determine for the 
left nerve the strength of stimulus necessary to just cause a twitch of the 
gastrocnemius, and secondly that which gives a maximum twitch. Having 
done this, apply the electrodes directly to the paralysed gastrocnemius, the 
right, and determine the two corresponding positions for the muscle. 

It will be found that in the latter half of the experiment the stimulus 
must be greater for both cases. This tends to confirm the previous 
result, viz. that it is muscle fibre which is being stimulated, and not 
nerve fibre, and in that case shows that MUSCLE IS LESS EXCIT- 
ABLE THAN NERVE, 

Experiment 8. — aLUhne’s Sartorlus ZSzperlment. — Carefully dissect 
out a sartorius, and to the tendon which attaches it to the tibia tie a fine 
thread. The upper end of the muscle may bo freed from its attachment 
to the symphysis. Suspend the muscle with its upper end hanging down- 
wards, and bring up under it a drop of glycerine in a watch glass until the 
end of the muscle just touches the glycerine. No contraction results. Cut 
off the end which has touched the glycerine, and note that the muscle con- 
tracts under the mechanical excitation. Again touch the cut surface with 
glycerine. If only about 1 mm. of the end has been cut off' there is again 
no contraction. Cut off a fresh millimetre of muscle and repeat as before. 
It will be found that when about B to 4 mm. of the upper (pelvic) end has 
been cut away, on contact of the freshly exposed end with the glycerine, the 
muscle shows irregular twitchings, and is at last thrown into a state of incon- 
plete tetanus. This experiment should in the next place be supplemented by 
showing that if a gastrocnemius nerve muscle preparation be made, and the 
cut end of the nerve dipped into glycerine, the gastrocnemius is thrown 
into a similar series of irregular twitchings. Nerve fibre is therefore excit- 
able to glycerine. 

The explanation of the preceding experinient becomes clear by the 
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light of a knowledge of the distribution of the nerve fibres in the 
sartorius. Kiihne showed that the upper 4 to 5 mm. of the 
sartorius contained no nerve fibres, nor could nerve-endings of any 
kind be traced in this part. The same holds good for the lower 2 
to 3 mm. Hence in the first part of the experiment only muscle 
fibre was being exposed to the glycerine ; and as the muscle did not 
contract, it follows that muscle fibre is not excitable to glycerine. As 
soon, however, as the lower part had been cut away, some of the nerve 
fibres became exposed, and as they are excitable to glycerine the 
muscle was thrown into a series of irregular twitchings. 

Experiment 4. — Upon the sartorius of the opposite limb perform an exactly 
similar experiment, but use a salt solution (0*65 per cent.) containing a drop 
of ammonia solution. The muscle will be found to be extremely sensitive to 
this, even the vapour of NH., from it being quite sufficient to throw it into 
tetanus. Nerve, on the other hand, is not excited by it. Prove this by dip- 
ping the freshly cut end of the sciatic nerve of a gastrocnemius preparation 
into the solution, taking care that the muscle is thoroughly protected from 
the vapour by folds of blotting-paper moistened with normal saline solution. 
It is best, too, to hold the watch-glass of ammonia solution above the*level of 
the muscle, and to lift up the nerve by a fine glass rod bent into the form of a 
hook, and thus dip the cut end of the nerve into the solution. No contrac- 
tion of the gastrocnemius results, but the nerve is not unaffected, for it will be 
found that the part which has been exposed to the fluid, if tested by electrical 
stimuli, has been killed. 

Experiment 5. — Xiiline’s Curare Szperlment. — Pin down two strips of 
copper foil upon a fiat plate of cork with their ends about 4 cm. apart, and join 
them by a strij) of blotting-paper moistened with 0*65 per cent. NaCl solu^on. 
Connect the copjier strips to the secondary coil of an inductoriuin arranged for 
tetanising. Prepare a sartorius and cut it transversely into five pieces of equal 
length, and arrange these in series upon the strip of moist blotting-paper. 
Starting with the secondary coil at some distance from the j^rimary, send teta- 
nising shocks through the preparation, gradually increasing the strength of the 
stimulation until at last one is found which causes the three middle pieces of 
the sartorius to contract while the upper and lower ends remain quiescent. 
Increase the strength of the stimulation still further, when the two terminal 
pieces are also thrown into contraction. If a curarised sartorius be employed 
all five pieces go into tetanus at once, viz. when the stronger stimulus which 
was re<iuired to tetanise the two terminal pieces in the first experiment is 
reached. 

The difference in behaviour of the five pieces is due to the fact 
that the two ends contain no nerve terminals, while the three 
centre-pieces do, and as was seen from a previous experiment (ex- 
periment 2) muscle is less excitable than nerve. 

In addition to these experiments other facts are known tending 
to show the inherent excitability of muscle. Nerve, for instance, is 
not excited by stimuli which are arranged at right angles to the 
direction of the fibres, it being necessary that the stimulus or part of 
it should pass in the same direction as that of the fibres. Muscle, oq 
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the contrary, is quite, as excitable to stimuli in a direction transverse 
to the muscle fibres as to one parallel to them. Nerve again is 
especially sensitive to currents of very short duration, wiiereas muscle 
will not respond unless the duration be sufficiently prolonged. A 
curarised muscle is much less sensitive to shocks of short duration 
than a non-curarised one. 

In a further direction Kiihne showed that chemical stimuli which 
were particularly irritant to muscle (such as NH., or very weak HCl) 
were equally effective to both curarised and non-curarised muscles. 
If a strong constant current be sent through a nerve, it is found that 
the excitability of the nerve in the part immediate ‘ly surrounding the 
anode is very greatly diminished. Kiihne utilised tliis to lower the 
excitability of the nerve fibres in a sartorius by thro'ving a constant 
current into its nerve, placing the anode close to the muscle. A muscle 
thus treated was found to be just as excitable to ammonia oi- weak 
hydrochloric acid, whilst those forms of stimuli, such as glycerine, 
which ^ct on nerve only, are now without effect, or only produce one 
when the excitation becomes excessive. 

If the nerve supplying a muscle be cut and allowed to degenerate 
for some days, the response of the muscle to electrical stimuli becomes 
considerably modified ; while the intra-muscnJar nerve endings are 
intact the muscle responds more readily to induced shocks than to 
the constant current, whereas when these terminals have degenerated 
the reverse is found to be the case. This change of condition is 
explicable on the fact already tested in experiment 2, which shows 
that muscle is much less excitable to currents of sliort duration than 
nerve. 


EXCITATION OF MUSCLE BY A CONSTANT CURRENT 

111 our experiments up to this point, we have as a rule employed 
an induced shock whenever we wished to stimulate a muscle or its 
nerve, but we have also seen that a muscle is excitable to thermal; 
mechanical, and chemical stimuli as well as to electrical. We have 
now to consider theresiionse of muscle to electrical stimuli other than 
induced currents. We found that muscle was less excitable to induced 
currents than nerve, and this is found to be due to the very short 
duration of these currents. 

If a constant current of sufficient strength be sent through a muscle 
a contraction occurs at the instant of make of the current and again 
at the instant of break, but no effect is as a rule produced during the 
passage of the current. These two contractions are different, not only 



80 


EXPERIMENTAL PHYSIOLOGY 


in amount, but in that they start from different points. Calling the 
electrode at which the current enters the muscle the anode, and that 
at which it leaves, the kathode, it is found that on make of the current 
the contraction starts from the kathode and thence spreads over the 
muscle, but that on break the contraction starts from the anode. 
This very important point in the response of muscle to an electrical 
current can be shown by the following experiments : — 

Experiment 6. — Dissect out a sartorius and fix it to record its move- 
ments as shown in fig. 71. The muscle is lightly clipped between two 
pieces of cork c and d at a point near its tibial end. A fine thread is tied 
round the tendon at that end and attached to a crank lever, l. Two pins are 
passed through the corks c d, and by these the muscle is fixed to the myo- 
graph plate. The remaining longer piece of the muscle is connected to two 
electrodes (unpolarisable, see p. 83) a and b, which are connected to a con- 
stant current through a Pohl’s commutator with cross wires, so that the 
direction of the current may be reversed. The muscle is clamped so tightly 
by the corks that it prevents any movement at a or b pulling on the piece of 
eartorius s to the left of the cork clamp, and so moving the lever. It is not, 
however, so tightly clamped as to prevent a wave of contraction ^passing 
across from the piece to the piece s. If now a contraction start at one 
instant from a, and passes as a wave along the muscle to s, a longer interval 
will elapse before s begins to contract and raises the lever than if the con- 
traction started at b and had only a short piece of muscle to travel along 

before it reached s. The 
experiment now consists 
in measuring the latent 
periods of four curves: 
two, one at make, the 
other at break of a con- 
stant current when the 
current passes from a to 
B, i,6, when the anode is 
at a, and two when the 
Fig. 71 .— Mkthod of studying Polau Excitation of current travels from b to 
A Muscle. when the anode is 

at b. To record the in- 
stants of opening and closing the current a signal included in the primary 
circuit is arranged to record its movements directly beneath the myograph 
lever. This does not give us an absolutely accurate measurement of the 
latent period because there is a latency in the signal ; but as this is the same 
in all four cases this does not matter, for we only require to measure differ- 
cnees in the latent period. 

It will be found that make of the ascending current (anode at b) 
and break of the descending current (anode at a) have practically the 
same latent period, and both are greater than those on break of the 
ascending current or make of the descending cuiTent, which in their 
turn are practically equal in value. 

Hence it is argued that the contraction on make of an ascending 
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current starts from a, and of a descending current from n, in lioth 
cases the kathode ; and, on the other hand, that tlie contraction on 
break starts from n \Yith an ascending, and from a with a descending, 
current, these two points being the anodes in the two cases. The 
differences are more clearly seim if t he muscle he fatigued. 

E,rpci-iwvnt 7. — Sngrelmann's experiment, t'lirarisc a iVo'j, dissect out 
its sartorins, and suspend it by its jadvie end. Arrange two elt'ctrodos to 
send a current transv<>rsely acr»>ss this end. On (dosing the current the IVeo 
end moxes towards the katliodic .side of tlie nnisele, on opi ning towards the 
anodic. 

Er/H'rimrnf 8. - Prepare a sartorius from a eiirarist'd frog that has been 
j)reviously kept at a low lempea-ature for soiiu* hours. I'hice it on t. pair of 
unpolarisable electrodes. On closing the eurreni. llie muscle passes into 
tetanus, and if the muscle be carefully observed, it will be : .‘en ths-t the only 
part in persistent contraction is that around the kathode*. On o])oning, the 
muscle also commonly passes into tetanus, but in this ease the contraction 
is limited to ihe region of the anode. This experiment is all the more 
striking if lUoderniann’s plan, of strij)ing the sartorius transversely with bbudt 
lines made by a bristle dipptal in china ink, be adoj)ted. 'The region in 
contraetkm is then clearly marked hy tlio ai)proximation of ilu^ hbick lines. 
The non-contracted part is seen to he stretched out, eit.ln'r hy an actual 
stretching due to the contracted part pulling on it, or due to an active 
relaxation in that region. Tin? lattcir is prol)ably the main ea.us(^ as is well 
exemplified by the following exp(‘riinc*nl. 

Erjicrimcnl lb — A frog is pithed and its lieart expi s(m1. One tdcictrode 
is now placed on any part of the body, and the j)oint of the other, whicdi 
should be a fine wire, is apjdied to the heart. If tlie elecl.rodt! on the heart 
be the anode it will be soon that at eacii contraction the j)ait around tlm point 
touched does not pale lik<^ tlui rest of th(< heiirt, l.v. Unit region docss not con- 
tract but is inhibited, (’onversely, if it bo the kathode, it is seen that tliat 
spot remains j)al(3 during relaxation of the lieart, which means i-hat those 
fibres immediately atfecUrd do not n?lax properly. Tliis latUu’ j«)int is not so 
easy to make <mt as the former. 

Polarisation of Electrodes. — If a pair of edean ydatinum winjs ho 
immersed in water, and a currcait sent tln’ougli them for a time, it is 
found that both of the platinum terminals liecome covered with hubbies 
of gas. That one in connection with tin; ruigativc pole of the battery 
is covered w'ith hydi-ogciu, juid the other with oxygiin. If now the 
battery be removed and tlie two ehjctrodes connect(id to the two 
terminals of a galvanometer, it is found that a current is shown by 
the galvanometer, which has a direction, in tlie galvanometer circuit, 
from the electrode covered with oxygen to that covered with hydrogen. 
It is, in other words, in the reverse direction to tliat of the initially 
employed current. The production of this state at the electrodes is 
spoken of as polarisation of electrodes. Tlie same usually occurs, 
though to different degrees, if solutions of salts be tested instead of 
distilled water, and no matter what metal the electrodes are made of. 
Epgnault discovered, however, that if the electrodes were made of 
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pure zinc, and the solution in which they were immersed was a strong 
solution of zinc sulphate, that no polarisation occurred ; and the same 
was found to be the case with less purified zinc if its surfaces were 
thoroughly amalgamated. 

If instead of a solution a piece of fresh animal tissue connects a 
pair of wire electrodes the same polarisation occurs. Chemical changes, 
are set up where the wires touch the tissue which can act in the 
reverse manner, and set up a small current if the battery be removed 
and the electrodes connected by a conductor. This acts as a source 
of fallacy in many experiments, and becomes of great importance 
where we are dealing with a very excitable tissue, such as nerve. 
The existence of this polarisation current may be proved, as in the 
previous example, by sending it through a galvanometer ; but we are 
also able to show it by its effect in exciting a nerve, as in the following 
arrangement : — 

Experiment 10. — Arrange the apparatus as shown in fig. 72, open the key 
K, and close tlie key k,. The current is thus sent through the nerve by the 
electrodes e, which it will polarise. Note that there is no contraction during 
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Polarisation t)K Klkothodrs. 

the time the current is passing. In about a minute open k, and then rapidly 
close and open i\\„ when contractions will occur which arc due to the closure 
and opening of the small current set up by the polarised electrodes. The 
contractions rai)idly diminish in amount as the nerve becomes depolarised. 

This experiment illustrates the necessity of avoiding this polarisa- 
tion, if it be possible, when w-eare experimenting upon nerves or other 
excitable tissues, and Du Bois-Reymond utilised Regnault’s discovery 
for making electrodes which would not shoAv this defect. In his 
original form (fig. 73, 1) each electrode consisted of a zinc trough on an 
insulating vulcanite base, the outer surface being thoroughly varnished 
and the inner well amalgamated. Into this a thick pad of filter 
paper thoroughly soaked in a saturated solution of zinc sulphate is 
fitted, and the part of the pad lying in the trough is then covered 
with the saturated zinc sulphate solution. If, now, the piece of tissue 
be placed between t\vo such pads the zinc salt rapidly produces 
corrosive effects, and the tissue is rapidly destroyed. To prevent 
this, little masses of china clay worked up into a stiff paste with 
normal saline solution are used, upon which to rest the tissue and 
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connect it with the electrodes. These do not cause any polarisation, 
and at the same time are fairly good conductors. They are spoken 
of as clay-guards. In many cases this form of electrode is too large, 
and it becomes impossible to bring them into contact with any two 
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1 and 2, I)n Bois-Kcymond's ; 3, Unrdon-Sandt rsfHrij ; 4, von Floiscld’s : 6, d^Arsoiival’s. 

Tn 1, 2, 3, and 4 the uompoiiciit party arc /.iiiu, zinn Hulp)mti\ and aaliiu* c;]ay ; in 3 a Milvcr rod 
coati-d with fused silver eddorido dipping in iioriiial sidiiu; oolitiiiii'.'d in tin; lulx; from widcli u thread 
projects. (Waller.) 


desired points of the tissue to be experimented upon ; and to over- 
come this many forms of electrode have been emjiloyed by different 
workers. Some of these are sliown in the accompanying figure (73). 


Make a pair of unpolarisable electrodes in the following way. Take a piece 
of glass tubing of fairly thick walls and with an internal diameter of about 
4- inch. Rotate this with its centre in a blowpipe Hamo witliout draw- 
ing it out until the central ])art becomes of a less diametor ; then draw it 
out slightly and allow to cool. Cut it 
through the centre of the constricted 
part and round «oif these ends in a 
flame. The bore at this end should 
now be about inch. Cut the tubes 
so that they are 2i inches long and 
round off the upper ends in a flame. 

This glass tube is shown at n, fig. 74. 

Take a cork and bore half through it 
with a cork-borer of such size that the 
upper end of the glass tube is held firmly 
in the bole bored. With a fine bradawl pierce the cork from the upper end, and 
this will remove the lower bored piece of cork if that has not already come away 

02 
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inside the borer. Solder an insulated wire to one end of a straight piece of pure 
zinc wire of about three inches length, and then thoroughly amalgamate the 
zinc wire by dipping it into the amalgamating fluid and rubbing it on a 
clean duster. Now pass the zinc wire through the hole in the cork made by the 
bradawl until it projects well on the lower side. Next take some powdered 
kaolin and make it into a stiff clay with normal saline, and force a little of this 
up the constricted end of tlie glass tube to act as a plug to close that orifice. 
Then fill the tube with saturated zinc sulphate solution, and fit it into the 
largo hole in the cork, so that the zinc wire di^is into the solution. All that is 
now recpiired to complete the electrode is to fix to the lower end a plug of 
china clay whf)se a])ex may bo moulded to any desired shape (see fig. 74). 
In many cases it will be found convenient to fix in tho centre of this china- 
clay guard a coarse tliread soaked in normal saline, which can then act as 
the terminal part of tho electrode. These electrodes can be kept, and all 
that they will ro<|uiro at a future time is a fresh guard of clay, when they will 
at once bo ready for use. 

Eir/jcnnicni 11. Arranges the aj)paratns exactly as in ex])erimont 10, 

fig. 72, but employ tliese electrodes in the ])lace of the wire ones of that experi- 
ment. The nerve does not now become polarised. 

Groat as is th(i importance of using iinpolarisablo electrodes when 
a current is to be sent through a nerv(?, their use is of still greater 
iiccossity wlioii we require to examine the currents produced by a 
tissue, and for this purpose are making use of a sensitive galvano- 
meter. 
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CHAPTER VII i 

SOME EXPEIUMENTS TO DETEiailNE THE FUNCTIONS OF NEUVES 

In examining the functions of a nerve we have two main methods 
which we may employ, Hc.cHiut and Htimulatlou, 

By section we can observe the loss of function resulting from the 
loss of impulses normally passing along it. 

By siirnulation'we can observe the converse effect, the production 
of some functional activity, such as a muscular movement, secretion 
of a gland, &c., when impulses are sent along the nerve. 

The two methods of experimentation illustrate the two great 
physiological attributes of a nerve, viz. conductivity and excitability. 
Section teaches us the function of a nerve by observation of the 
results of interrupting its conductivity at some spot. Stimulation 
makes use of its property of excitability to give us knowledge of the 
results of impulses travelling along the particular nerve. 

We have already made use of a nerve’s excitability in our experi- 
ments upon muscle, and in our study of the variations of function of 
a nerve under different experimental conditions motor nerves are 
generally employed, because the muscular response enables us to readily 
determine small changes in the nerve’s activity. 

As conductors nerves cany inipuls(*s eitlier to or from the central 
nervous system, i.c. they are alfercnt or elTerent in function. At their 
entrance into the cord, th(? spinal nerves dividcj into two roots, 
anterior and posterior, the former caiyying only elferent, the latter only 
afferent impulses. Show this upon the frog })y the following 
experiment : --- 

Exjperiment 1. — -Decapitate a frog and cut away tlie upper third of tho 
vertebral column. With a fine pointed pair of scisscjrs cut away the lamime 
of the remaining vertebrte, taking great care to avoi<l injuring the spinal cord. 
This brings to view the cord in its lower i)art with tho largo roots of the 
nerves which form the sciatic plexus. To see the anterior roots, the posterior, 
which cover them up, must be displaced, (i.) Lift up tho largest posterior 
root with a seeker and pass a silk thread under it. Tie this close to the 
cord and cut through the root between the ligature and the cord. Note that 
op tying and on section irregular movements of the limbs are caused which 
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vary, however, according to the degree of stimulation. Place the peripheral 
end upon a fine pair of electrodes and stimulate. There is no muscular con- 
traction. 

(ii.) Place a second ligature roimd another posterior root, this time tying 
as far from the cord as possible, and cut through the nerve peripherally to the 
ligature. Stimulate the central end, i,e. the part still attached to the cord. 
The limbs are thrown into convulsions, more or less marked and extensive 
according to the strength of the stimulation. These two stimulations prove 
that the posterior roots contain no efferent, but do contain afferent 
fibres. 

(iii.) Cut through all the posterior roots of that side. Any mechanical 
stimulation to the skin no longer produces movements of the legs, though 
stimulation of the skin of the opposite leg will produce movements in 
both. 

(iv.) The section of the posterior roots brings the anterior into view. By 
placing ligatures round two of these and tying (a) near the cord and (6) near 
the junction with the posterior root show that stimulation of the peripheral 
end leads to contraction of muscles, but stimulation of the central end produces 
no effect. The anterior root therefore contains efferent but no afferent 
fibres. 

(v.) Cut through all the anterior roots, and then show that no movement 
of that leg can now be produced by stimulation of the skin of the l(fg of the 
opposite side. 

STIMULI which affect a nerve may be classified as follows : — 

1. Thermal. 

Experiment 2. Make a nerve muscle preparation and touch the 
end of the nerve with a copper wire which has been heated for a few 
moments in a Bunsen fiame. The muscle contracts. That heat should 
act as a stimulus it is necessary that the temperature should he high. 
If heat he gradually applied it will kill without stimulating. 

2. Mechanical. 

Experiment 3. — To produce mechanical stimulation cut through 
the nerve used in the previous experiment just helow the point to 
which the hot wire was applied. The muscle contracts, thus showing 
that the mechanical process of cutting has stimulated the nerve. In 
the next place, pinch the upper end of the nerve and show that this 
also acts mechanically as a stimulus. Show also that the nerve can 
he stimulated hy giving it a sharp tap with the edge of the handle of 
a scalpel, thus pinching it between the scalpel and the solid support 
upon which it rests. ' 

3. Chemical. 

Experiment 4. — Take a nerve-muscle preparation and lift up the 
nerve on a glass rod bent as a hook, so that the cut end of the nerve 
hangs down. Touch the cut surface of the nerve with a drop of a 
*8 per cent. KOH solution in normal saline, held in a watch-glass. 
With each contact the muscle contracts, and, if the nerve he immersed 
a little time, passes into an irregular tetanus. Cut away the piece 
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of nerve that has been in contact with the fluid. The muscle 
relaxes. 

Experwient 5. — Next immerse the cut end in a drop of methylated 
spirit. This, too, causes contraction. 

Experiment 6. — Repeat, using a solution of 15 per cent. Nad. 
The same result is obtained. 

There are very many substances which excite a nerve chemically. 
Of these we may mention glycerine in strong solutions, solution of 
lactic acid, bile salts, or mineral acids if not too dilute. Substances 
which kill but do not excite are basic or neutral lead acetate, 
chromic acid, copper sulphate, ammonia, itc. 

4. Electrical. 

Stimulation by an electrical current has already been frequently 
employed in the experiments upon muscle, when we used indirect 
stimulation. 

THE EFFECTS OF THE CONSTANT CURRENT 
UPON NERVE 

Employing a current of medium strength, e.(j. one Daniell, the 
usual result is that a twitch occurs at make and break of the current, 
but that during the passage of tlie current the muscle remains quies- 
cent, i.e. the nerve is not stimulated. But this is not universally 
true, for if the nerve be very iri-itablo, there may be produced a tetanic 
contraction the whole time the cinrent is passing. This can .always 
be produced if the frog from which the nerve mviscle preparation is 
taken has been kept for a day or two at a low ternpe}'ature, between 
0° C. and 10° C. A tetanus at make or bi-eak is especially liable to 
occur at the make of a strong descending current, or the break of a 
strong ascending current, where by an ascending current is meant 
one in which the direction of the current in the nerve is from the 
muscle towards the spinal cord, and by a descending the reverse. 
This condition is spoken of as 1 titter s tetanus. A Ritter’s tetanus at 
break of an ascending current may be stopj^ed by closing the current 
in the same direction, or may be increased by sending in a current 
in the reverse (descending) direction. Therefore, as a general rule, 
the nerve is not stimulated during the whole of the time of passage 
of a constant current, but only when the strength of the current is 
suddenly varied. It follows that when we were using induced shocks 
the excitation was in reality double, but the two stimuli followed 
one another at such a short interval that the effect on the nerve 
was the same as a single stimulation. Though the nerve is not 
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being stimulated the whole of the time the current is passing, still 
we can show that its condition is altered. This altered state, due to a 
constant current, is spoken of as clectrotonus^ and its effect is 
expressed as an alteration in the two physiological properties of a 
nerve its conductivity and its excitability. The alteration is different 
in the parts of the nerve in the neighbourhood of the tw^o points at 
which tlie current is sent in and taken out of the nerve, i.c. the anode 
and kathode respectively. The condition of the nerve in the neigh- 
bourhood of the anode is termed anelectro tonus, that in the neigh- 
bourhood of the kathode kalclcdrotonns. 

1. Changes in excitability. 

¥j.rpcrimcnt 7.— Test the changes in erritahilitg in the following 
manner. Arrange tlie primary and secondary coils for giving single induced 
shocks (left half of fig. 75), using a X)air of line wire electrodes, k,. Fit up a 
^liolarising ’ circuit with two batteries, a mercury key, K,, and a mercury 
commutator with cross wires, k,. To the commutator attach a pair of un- 
polarisable electrodes, (right half of hg. 75). Dissect out a nerve muscle pre- 
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paratiou, taking the whole length of the nerve, and being careful not to injure 
it during tlie dissection. Fix the gastrocnemius in the crank myograph and 
place the nerve across the unpolarisable electrodes. Place the wire elec- 
trodes under the nerve at a point just below the unpolarisable electrodes 
nearest the muscle. "With the key ic. still open, move the secondary coil to 
such a position that the muscle gives a small twitch on break of the 
l>riniar.v circuit. Record the height of this twitch on a stationary drum. 
Move the drum a little by hand and close the polarising circuit. Note that 
the muscle gives a twitch. Again stimulate the nerve with a break shock 
aiul record tlie twitch. It will be found that cither the 'twitch is of less 
height or e\'en absent, or that it is of greater height. Now examine the 
direction of the constant current through the nerve. If the twitch has been 
prevented or diminished, it will be found that the current ascends along the 
nerve from muscle towards vertebral end, and therefore the jiart of the nerve 
stimulated is in anelectrotonus. If, on the other hand, the twitch has been 
increased in height, it wdll be found that the electrode nearest the nerve is 
the kathode. After obtaining one of these two results, reverse the direction 
of the polarising current by the commutator when the second result will 
be obtained 
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Ex 2 )eriin(int 8. — Eepeat the procedin*^ experiment, but tetaiiiso the 
nerve at the spot to he tested instead of givin*^ it a sinj^lo stimulus. The 
shocTis used should be just above minimal stimuli, Kecordthe results obtained 
on a slowly movinf^ drum. It wdll be fountl that if tlu' spot stimulated be in 
anelectrotonus that the contraction on tetanisation is either abolished or 
diminished ; if, on the other hand, it be in katelectrotoniis, tho contraction is 
increased. 

These experiments show that a piece of noi*V(' in aiudoctrotonus is 
less excitable than normally, for it docs not j^ive so lar^ti a con- 
traction, and, on the other hand, the state of katclcctrotu'ius is charac- 
terised by an increase of cxcitalnlity. Thcs(? same results Iiave also 
been confirmed by other modes of stimulation, both mechanical and 
chemical. The latter can very easily ho shown by the following 
experiment — 

Experinienf 9. - Instead of using tho secoiidai\v coil for stimulating, 
paint the nerve with a 10 ])er cent, solution of NtiC’i at a spot between 
lower electrode and the muscle. In a short time tliii muscle is srd twitching 
by tho stimulus. Arrange the polarising circuit to give an Msecuiding current 
and clost^tluj key k.^. Tho twitching ceases. I{ev(‘rso the k(‘y, so that the 
kathode is now nearest the muscle. The Uvitchiiig heeomes more! marked, 
llecord these results on a slowly moving drum. 

By varying tJio course of ex])eriments of tills kind diflcuenees have 
been made out in regard to tho degree of change of excitability 
and the time it lasts. The katolectroionic incivuise of excitability 
roaches its maximum height directly after the closure of the current, 
and then gradually decreases whilst the anelet trotonic decrease 
develops and extends mucli more slowly, its maNimum being rc^ached 
some time after closure. The amount of cliang(‘ of excitability, as 
measured by the amount of contraction, prodiujtMl by a stimulus of 
fixed strength is found to vary considei'ahly with the stningth of the 
polarising current. As the excitability is increased around the kathode 
and decreased around the anode, it follows that tluire must he one 
spot between anode and kathode at whicli (;xcitahility remains 
unchanged. This is called tluj indiflerent i)oint. The clianges of 
excitability are conveniently represented diagram matically, as in fig. 7f5. 
In this figure the abscissa line fj i is taken to represent tho nerve, and 
the polarising current is supposed to enter at a and leave at K. An 
increase of exefttability is represented by an ordinate above the 
abscissa, a decrease by one below. With a weak current the changes 
in excitability are represented by the curve anhre, which means 
that at the point m of the nerve the excitability is decreased to an 
amount represented by the vertical m n. At the point it is increased 
by an amount represented by p r. Similarly for all other points 
between a and c. The indifferent point is at which is seen to be 
nearer the anode a than the kathode k. The changes in excitability 
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are also seen not to extend far beyond the anode and kathode. For 
a stronger polarising current the changes are represented by - the 
curve d e f. The indifferent point has moved towards the kathode ; 
the changes are relatively greater and extend over a longer piece of 
nerve, d /. With a still stronger current the changes arc represented by 
the curve rjhiin which the indifferent point is still nearer the kathode, 



Fio. 7G. — Diaciham Indicating thio Chaxoeh of Exuitaijidity of a Nerve in 

Vj dectroton us. 

and there is a further increase in intensity of effect and in extent of 
nerve involved. * 

Immediately after opening the current these changes are for a 
short time reversed, the excitability in that pai*t of the nerve which 
was in anelectrotonus is increased, in that part previously in katelec- 
trotonus decreased. These reversed effects gradually disappear. 

2. Changes in conductivity. 

Expcrinwnt 10.-- Arrange the apparatus as in fig. 75, but place the 
polarising electrodes near the muscle and the exciting electrodes at the upper 
end of the nerve. Tetanise the nerve, and while the contraction still con- 
tinues close the polarising current. The tetanus ceases. Repeat, but 
instead of tetanisiiig apply a crystal of salt or a drop of strong salt solution to 
the cut end of the nerve. The twitchings caused by the salt can bo stopped 
by throwing in the iiolarising cuiTent. The same effect is produced whether 
the polarising current be ascending or descending. The polarising current has 
acted as a block, i.c, the nerve at that part has had its conductivity depressed. 

The change of conductivity has also been studied by observation 
of the i*ato of transmission of a nerve impulse along a piece of nerve 
in anelectrotonus or in katelectrotonus, and further by observations 
of the changes of strength of the negative variation * as it travels along 
the nerve. Such experiments showed that for all currents, except 
the weakest, conductivity was depressed in both the katelcctrotonic 
and anelectro tonic states. 

POLAR EXCITATION OF NERVE 

When stimulating a muscle by the constant current we found 
that the stimulation at make started from the kathode and at 
' For the explanation of the term negative variation see p. 146. 
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break from the anode,* and the same is found to be the case with 
nerve. As in the analogous experiment upon muscle, the starting 
points of the tvro excitations have been determined by time measure* 
ments of the two latent periods of the make and break contractions. 
The electrodes are separated as widely as possible ; then if the stimulus 
start from the upper electrode, the latent period should be longer 
than if it started from the lower. Experimenting in this way it is 
found that if the current be ascending, the latent period of the contrac- 
tion on make is longer than that of the contraction on break. From 
this we infer that the contraction on make starts from the upper elec- 
trode, i.e. the kathode, and that on break from tlie lower, i.c. the anode. 
A converse result is found for a descending current. 

We may also state the fact of polar excitatif>n in the following 
way. The production of katelectrotonus and the disappearance of 
anelectrotonus stimulate a nerve. Or, again, the passage of a nerve 
from a condition of lesser to one of greater excitability stimulates it. 

In examining the effect of opening and closing a constant current 
through a nerve the results obtained are found to vary with the 
strength and direction of the current, and to study these variations we 
must possess some means of conveniently varyijig the strength of the 
constant current. This is afforded by citlier of the two following 
pieces of apparatus : — 

The monochord is an application of the principle oftlio ileriving circuit an<l 
is employed for varying the strength of current to be sent througli a nerve or 
other tissue. Fig. 77 illustrates the method of using a inonueliord. A 
current is sent through a stretched wire, a ii, which imist not bo of too 



positions. Where, as in the case we are considering, the resistance in the 
nerve circuit is very high, and therefore the resistance of a s may, in com- 
parison, be neglected, the current through the nerve is directly proportional 
to the potential difference only, i.c\ is measured by the length a h. 

If we wished to know exactly the value of this current, it is necessary to 
measure the resistances of the nerve circuit and of a u, and from these the 
total amount of current can be calculated. For most purposes, liowever, it is 
sufficient to state the current strength as measured by the lengths between a 
am} s in different positions. 
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Eifj. 78 shows a mpnochord fitted for convenience on a small base, and 
consisting of a wire womid in a zigzag round pegs, its two ends being 

attached to the binding screws a and 
B. The electrodes are connected 
to A and the movable contact c. 
In the battery circuit a murcury 
commutator, k\ with cross wires 
is interposed, so that the direction 
of current can be readily reversed. 
A key, k ’, is also inserted, so that the 
current can bo closed and opened as 
required. 

Another instrument that is fre- 
quently used for varying the strength 
of current is the rheocliord. This 
consists, in its simplest form, of two 
wires, s‘ a and s- it (lig. 79), stretched 
parallel to one anotlier on a wooden 
base. To the ends, s' and s'^ binding 
screws are fixed, and the wires are 
connected by a metal slider, c, whicli 
can bo puslied along the wires. In 
the figure it is represented connected to send a branch current to a pair of 
unpolarisable electrodes across which a nerve lies. A battery current is sent 
through tlio rheocliord, a commutator, k,, being interposed, and a key for 
making and breaking the circuit at k.^. The current on reaching s' divides, 
passing through the rlicochoi*d to s* or through the nerve. The amount 



IT(s. 7H. -A Skcono of MoNocuonn. 



Fui. 79. — Tiu: lhiF.ocHoiti> as Ai;uAN(!r.i> roll Varyino tiik Diukction 
AND St 1!I;N('.TH or a CuiUlKNT TIIllOUGIl A XkIIVK. 


passing through the nerve varies directly with the resistance of its deriving 
circuit, the rheocliord. By increasing this resistance more current is sent 
through the nerve, and on diminishing it loss. 

In more complex forms of the instrument the range oi the rheocliord is 
increased by adding other wires by means of which more resistance can be 
thrown into the rheocliord circuit than can be reached by the single pair of 
wires. 

Suppose, for the sake of example, that the resistance of the electrodes and 
nerve is 100,000 ohms, and the resistance of the rheochord 5 ohms ,* then 
total current passes through the rheochord, and through 

the nerve. 

JHA'periment 11. — Fit up the apparatus as in fig. 79. Attach the muscle 
to a myograph lever and arrange it to record twitches on a stationary drum. 
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Start with the slider c close to the screws s,, s ,, in which position the current 
through the nerve is practically nil. Open and close the circuit by the key 
Ko. With this very weak current no contraction occurs on make nor on break. 
Arranfje the commutator k, to •'ive an ascendin*; current, and slide (J a little 
further along the wires, so as to increase tlie current through tlio nerve. At 
a certain position of the slider a contraction will be obtained at make but 
none at break. Iloverso the ciiiTent. Tlie same result is obtained. A 
current of this length is spoken of as a wonk current. It will v/iry in strength 
according to the excitability and electrical resistance of tin* parliciilar nerve 
experimented upon. Increase the current stiJi further, v.licii contractions 
will occur on both make and break of ascending and of nding currents. 
A current of this strength is spoken of as a current ol’ medium stnuigth. 
To complete the series remove the rhetjchord and attacli the (dcctrode wires 
directly to the commutator. It will usually b(‘ noeessaiy to fiirtln'r increase 
the strength of the current to four, six, or even eiglit <*< 'Is. Increase the 
current till one is found which gives a contraction on nialo* only of a (h^scend- 
ing, and on break only of an ascending eiirrent. ISueii a cin*reiit is s|)()ken of 
as a strong current. 


The result of this experiinent may he arranged in tahidai’ form, 
and th<i statement of results is commonly tenmsd the /a/r of 
contraction. (Pfliiger’s Law.) 


strength <»!’ 
(.’urrent 


AMninlIng 


M 
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n 


I 


Weak . 
Medium 
Strong . 


C 
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c 


c 

(; 

c 



This ‘law’ can be explained on lh(3 basis of the facts we have 
already studied with regard to changes of excibiliility and conductivity 
brought about by th(3 constant curremt and by our knowledge of the 
position at which excitation occurs. Tims, the residts witli a weak 
current mean thfit the production of a certain degree of katelectrotonus 
can stimulate, whereas the disappearance of tlie anelectrotonus pro- 
duced by precisely the same cuiTcnt cannot stiniuhitcj. If th(} kathode 
be nearer the muscle (descending current) there is nothing to prevent 
the impulse reaching the muscle when the stimulus starts froiri the 
kathode. The •muscle therefore conti-acts on closing the current. 
When the current is reversed the stimulus now has to travel through 
the intrapolar piece of nerve, and through that pai t in anelectrotonus. 
In both these parts the conductivity is diminished but not sufliciently 
to block the impulse. The muscle therefore contracts. An exactly 
analogous explanation holds for a descending weak current. 

With currents of medium strength the disappearance of anelec- 
trptonus can stimulate. At make of a descending current the stimulus 
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starts from the electrode nearest the muscle, and there is nothing 
tending to block its transmission. On break the stimulus starts from 
the upper electrode. There is nothing which prevents it reaching the 
muscle, for the diminished conductivity round the kathode disappears 
as soon as the current is broken. With an ascending current on 
make the stimulus starts from the upper electrode, and as with this 
strength of current the block at the anode is only slight, it reaches 
the muscle which contracts. On break the stimulus starts from the 
lower electrode, and there is nothing to prevent it reaching the 
muscle. 

With a strong descending current on make the stimulus starts 
from the lower electrode, and therefore leads to a contraction. On 
break the stimulus starts from the upper electrode, and has to travel 
through a piece of nerve whose conductivity is strongly depressed, 
sufficiently so to block the impulse, and no contraction results. 
With an ascending current the impulse at make starts from the upper 
electrode, but is blocked by the strong depression of conductivity 
around the anode, and therefore does not reach the muscle. On 
break the stimulus starts from the lower electrode, and therefore 
causes a contraction, as nothing prevents it travelling down to the 
muscle. 


THE VELOCITY OF A NERVOUS IMPULSE 

Just as we found that if a muscle be excited at any point the con- 
traction begins there, and then spreads in a wave-like manner over the 
remainder of the muscle, so too it is found for nerve that an impulse 
started at any point travels along the nerve as a wave of excitation. 
This is brought out most clearly by a study of a motor nerve, in 
which we determine the latent periods of two twitches in one of which 
we stimulate the nerve close to the muscle, in the other at some 
distance from the muscle. Any difference of time in these two 
measurements must be due to the time occupied by the impulse in 
travelling from the one point to the other. The method of carrying 
out the experiment is as follows : — 

+ 

Experiment 12. — Arrange the apparatus for recording a simple twitch, 
but with the .drwiti arranged to rotate at as fast a rate as possible. Dissect 
out the gastrocnemius and the whole of the sciatic nerve up to the vertebra*. 
Place two pairs of electrodes imder the nerve — one pair near to its 
entrance into the muscle, the other at its further extremity. Connect these 
electrodes k‘ and e'* to the terminals of a Pohrs commutator without cross 
wires, as in fig. 80. Interpose a Du Bois key between the secondary coil 
and the remaining terminals of the commutator. The secondary circuit can 
in this way be connected up to either pair of electrodes, b* or b-’, by 
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turning the rocker into the proper position. Take two simple twitches, 
recording them one oyer the other, stimulating tlie nerve {a) at k' and (6) at 
e’^. Take a time tracing under the record. 



Fift. 80. — Aiiuanokment of Apparatus for Stui>\txo tiik Velocity 
OF A Nervi>us Impulse. 

A tracing obtained in this manner is shown in fig. 81. It is soon 
that the* latent periods differ in the two cases, the sijcond one being 
longer than the first. This difference in time can only be accounted 
for by supposing that the molecular changes started in the nerve by 
the stimulation require time for their transmission along it. In the 
figure a is the point of stimulation, h is the instant at which the 
muscle began to contract with the electrodes in the first position, and 
c when they were in the second position. Tlie time tracing is at the 
rate of 100 vibrations per second, and on measuring it is found that the 
length between h and c corresponds to a time of O OOriGO sec. The 
length of nerve between the two positions of the electrodes was 
74 mm. Hence the impulse would in one second travel = 20054 



Fio. 81.— Two Twitches of a GASTJiocxE3iif;.s whe.\ the Sciatic w'ah Stimulated 
( a ) near the Muscle, { h ) near the Vj-hitebile. Time Tracino, 100 per sec. 


mm. per sec. In this experiment, then, the velocity of nervous 
iminihe was 20 05 metres per second. In an experiment of this kind 
it is very important that the recording surface should travel at exactly 
the same rate when the two twitches are taken. Hence it is better 
to take the record upon a pendulum or spring myograph, or two quite 
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separate twitches, each with its own time tracing, may be recorded, 
and the difference between the two latent periods can then be 
calculated. 

The velocity of a nervous impulse varies considerably in different 
animals and under different conditions. For the sciatic of the frog it 
is found to vary from 2 to 30 m. per second, the chief variation being 
causcjd by differences in temperature, the rate being considerably 
diminished by cooling the nerve. When a very rapidly moving re- 
cording surface is not available for the preceding experiment, we may 
make use of this last factor to delay the rapidity of the nervous im- 
pulse, and so obtain curves which have a sufficient difference between 
their latent periods to make the time measure well marked. 



97 


CHAPTER [X 

EXAMINATION OF THE FBOG's HEAKT. THE FIIIST STANNIUS 
I.IGATUIIE 


To examine the main features of the beat of a frog’s heart proceed 
in the following way : — 

1. Expose the heart. Pith the brain, leaving the spinal cord intact, 
and lay the frog on its back. Pick up the skin over the sternum and 
slit it ujv in the mid line, make transverse incisions on either side and 
reflect the four flaps of skin thus formed. The sternum should now 
be completely exposed. Make a transverse cut through the lower 
cartilaginous piece of the sternum (xiphi sternum), taking care not to 
wound the anterior abdominal vein, and cut through the sternum by 
longitudinal incisions a little on either side of the mid line, and thus 
remove the central piece. Care is to be taken not to injure the peri- 
cardium which lies beneath. The lateral pieces may now be pulled 
apart. This exposes the heart still lying within the pericardium. 
Lift up the pericardium with flue forceps and snip it through from 
the apex of the heart to the base. 

2. Examine the different parts of the heart. Above lie the two 


thin-walled auricles, flg. 
82, their line of division 
not being clearly seen, 
as it is mainly hidden by 
thebulbus arteriosus, b a, 
which crosses the auricles 
from below upwards and 
from right to left. 
Below is the single ven 
tricle, bluntly pointed, 
and with a well-marked 



groove, the auriculo-ven • Fig. 82. — ANTKRUiK an]> Postkhiob Sob 

trioular groove, separat- Heart, sv. Sinus Vknoscs. a, Aum- 
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ingitfromthetwoauncles. 

If the heart be now lifted np by the apex, the lower half of the sinns 
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ohronograpli tracing of a spring vibrating two, four, or eight times per 
second (fig. 29). Having recorded several beats, change the rate of 
the drum to i cm. per second, and record again. The rate may still 
farther be reduced and so a series of laracings produced. 

Fig. 84 shews some typical tracings taken by this method, but 
from different hearts. In I great care had been taken to avoid any 
loss of blood during the preparation of the heart. We see that there 



Fif». 84 — IIecoi;i> of the Movements of the Eroo’s Heart by the Suspension 
Method. Time Tracing, 4 per sec. 

are four ascents on the curve, viz. (i.) at a ; (ii.) from IHo c ; (iii.) from 
d to c ; and (iv.) from c to /. The little notch at a is due to the sinus 
contraction. It is never very marked, and commonly is absent 
altogether. This is due to the position of the sinus, which does not 
allow it to produce much effect upon the recording lever ; and secondly, 
because it usually occurs either during the relaxation, or even at the 
end of the ventricular contraction, and is therefore masked by the 
greater movement due to them. Even in this instance we see th^t 
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the downward stroke due to its relaxation is more marked than the 
upward stroke of the contraction, which was partly masked by the 
ventricular relaxation. The rise from b to c is due to the contraction 
of the auricles. It is at first rapid and then gradually slows. The 
descent from c to ^ is due to relaxation of the auricles, and from d to 
e is the first part of the ventricular contraction. The processes occur- 
ring just before and at d are in two directions. First there is the 
relaxation of the auricles which would allow the lever to descend, and 
secondly there is the ventricular contraction which causes the lever to 
ascend. The actual movement of the lever is the algebraic sum of 
these two movements, and the upward movement of the ventricle soon 
exceeds in amount the fall due to the auricular relaxation. The part 
of the curve from e to / is especially interesting. It also is due to 
the contraction of the ventricle, so that this contraction occurs in two 
stages. The meaning becomes clear if we cut the two aortas when we 
find that the second stage, e to /, immediately disappears. It is also 
only pripsent in tracings produced from hearts which receive a full 
blood supply. It proves that the ventricle at first is able to empty 
itself comparatively easily, and therefore shortens rapidly. At the 
point e, however, the pressure inside is suddenly raised, and the con- 
traction becomes slower. The last part of the blood is ejected with 
greater difiiculty than the first. This receives a further support from 
a study of the arrangement of the blood vessels springing from the 
aortse. The first and main part of the blood is sent into the pul- 
monary and aortic arches, which offer a relatively low resistance. The 
pressure here is thus rapidly raised until it reaches such a height that 
it is able to overcome the resistance of the third arches, and blood then 
passes into the carotids. 

In II and III the characters of the beat are somewhat different. 
In III the heart was beating slower than in II, and it is seen that the 
main increase in rapidity occurs during the systole. The part from a to 
h is the auricular systole ; from c to d the ventricular. The second 
stage of the ventricular systole is only faintly indicated in a few beats, 
and in most it is quite absent. In a quite bloodless heart this second 
stage is entirely absent (see, for instance, fig. 100, p. 123). 

7. EXCISE THE HEART. Remove the frog from the myo- 
graph plate and take away the hook from the ventricle. Count the 
number of beats in a minute. Cut through the two aortse close to the 
bulbus if they have not already been severed. Lift up the ventricle 
by the apex and cut through the pericardium, so as to expose the 
sinus venosus ; cut through the inferior cava and the two superior cavse 
aa they come into view, and thus remove the whole heart as in fig. 82. 
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Place it upon a clean glass plate. The process of cutting will be found 
to exert an influence upon therhjrthm. Usually it is inhibited for the 
space of a few beats and then recovers and beats very rapidly for a 
short time, but quickly settles down to a regular rate, which, as a rule, 
is slower than that in situ, though the reverse may at times occur. 
When it has settled down count and make a note of this rate per 
minute. Cut away the sinus at its junction with the auricles. The 
effect upon the auricles and ventricle is that they give a series of rapid 
beats and then come to a standstill completely relaxed. The effect 
upon the sinus is usually found to be inhibitory. It stops beating at 
once, though in a few cases, if care be taken to injure it as little as 
possible, it may continue its rh3rthm unaltered. After a short period 
both parts recommence to beat, but with quite a different rhythm. 
Count the rate per minute. The auricles and ventricle beat at a rather 
less rapid rate than the whole heart. The sinus being more injured 
takes longer to recover and beats at a slower rate. If the course of the 
experiment be modified, in that instead of removing the sinus with the 
rest of the heart the incision be made between sinus and auricles, so 
as to leave the sinus in situ, it is usually found that the sinus beat is 
from the first but little affected, and frequently quite unaltered. Next 
remove the auricles from the ventricle, cutting on the auricular side 
of the auriculo-ventricular groove so that a small edge of auricle 
IS still attached to the ventricle. The process of cutting again inhibits 
both auricle and ventricle. After a time both recommence to beat the 
auricle earlier than the ventricle. If the amount of auricle still 
attached to the ventricle be very small the ventricle may not of itself 
recommence beating. If it do not, it may be taur/ht to beat by 
stimulating it rhythmically with mechanical (c.g, a prick of a needle), 
or with electrical stimuli repeated at regular intervals. In many cases 
it will then be found that the ventricle starts off beating quickly and 
gradually slows down until it ceases altogether. The rhythm may 
then be again started by rhythmic stimuli. If the ventricle recover 
its rhythm cut through it just below the auriculo-ventricular groove ; 
the ventricle is brought to a standstill and does not regain an 
automatic beat if left to itself. With each mechanical stimulus a 
contraction follows, and if the stimuli be repeated rhythmically for 
a time, say one per second, the ventricle may regain an automatic 
rhythm, though this does not often occur with a frog's heart. If it 
should, count the rate. 

The results of this experiment should be collected together in a 
tabular form somewhat after the plan adopted in the following experi- 
ment, which is slightly modified from the preceding instructions: — 



RHYTHM AN INHERENT PROPERTY OF HEART MUSCLE 103 


Time 

! Obst*rvatioiis 

! 

j Ilhytliui 

11.39 

Heart exposed. Pericardium still iinoi)ened 

' V. A. S. 
(•2 1 

11.44 

11.45 

Immediately after opening of pericardium .... 
Auricles (a) and ventricle (v) excised, leaving sinus (s) in situ, 
s slowed for a few bcats^ A and v also inhii)itcd for two to 
three beats .... 

0.1 1 

i 

j 

11.46 

a beat counted .... 

5;i 

11.47 

A and V beat counted 

35 

11.50 

s beat counted 

54 

11.51 

A and V beat counted ........ 

38 

11.52 

s excised. Very much slowed but not stopped . 

11.54 

A cut off, leaving a rim attached to the ventricle, v does 
not stop, but the rhythm becomes irregular, ami beats oi cur ' 
in groups of three, a stops. v. 

! 

36 1 

11.55 j 

A has recommenced. a. 

42 

11.56 j 

s beat counted. s. 

The ventricular beat obviously follows the bt'at of the >iece 
of A still attaclied t(j it . 

54 

11.58 

V apex cut off. Auricular pu‘ce still goes on beating, v ! 
ai^ex responds to each priek of a blunt needle, but cannot i 

I 

i 


be taught to beat rhythmically ...... 

i 


There are several conclusions to be inferred from such experiments. 

A. The excised heart beats rhythmically. Therefore the rhythm is 
not dependent upon external rhythmic stimuli reaching it via its 
nerves, but is due to some intrinsic source possessing a rhythmic 
activity. There are two possibilities. The niythmic activity 
may be an inherent property of the muscle fibres. (/>) The heart 
contains in itself nerve cells and nerve fibres ; and the rhythm may 
be a characteristic of some of these cells. By this experiment taken 
alone we are not able to prove which of these two possibilities is the 
correct one. The last part of the experiment, if it succeed, is the most 
helpful in deciding, but the frog's heart is not a very suitable subject 
to employ for this particular purpose. On a tortoise heart Gaskell has 
shown that the apex, which examination proves to be free from nerve 
cells, can be taught to beat rhythmically. Further facts tending 
to prove that the rhythm is inherent in the muscle cells are: 
(i.) the heart beats rhythmically in embryonic life, while it is still of 
tubular form and before it has gained any nervous connection with the 
central nervous system ; (ii.) nicotine has been proved to paralyse nerve 
cells, but a heart poisoned with nicotine continues to beat rhythmi- 
cally ; (iii.) there is no difficulty in ascribing the rhythm to the heart 
muscle, for cross-striated muscle may be caused to contract rh3rthmi- 
cally by immersing it, under proper tension, in Biedermann's fluid, ‘ 
and the bulbus arteriosus, which contains no ganglion cells, beats 

* Biedermann’s fluid is made by dissolvinf^ i5.g. NaCl, 2.g. Na H.^PO| and 0'»'50.g. 
N&^CO, in 1 litre of water. 
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rhythmically when completely isolated from all other parts of the 
heart ; (iv.) an isolated heart apex can more readily be made to beat 
rhythmically if it be subjected to an internal pressure, as by t 3 ring it 
on to a perfusion cannula through which fluid is circulated at sufficient 
pressure. 

B. Taking it as proven that the rhythm is a property of the 
muscle cells, it follows that the cells in different parts do not possess 
the rhythmic capacity to an equal degpree. The sinus, if left intact in the 
body, beats with the same rhythm as the intact heart, and this, taken 
in conjunction with the fact that the contraction wave starts normally 
from the sinus, shows that in the sinus rhythmic activity is especially 
developed. That the auricles and ventricle, when severed from the 
sinus, beat at a slower rate is generally taken as indicating that the 
auricles, the part from which the contraction wave starts when the 
auricles and ventricle are removed, possess rhythmic characters to a 
lesser degree than the sinus. Finally in the ventricle rhythmic activity 
is still less developed, and with the ventricle apex can only be demon- 
strated under especial conditions. ‘ 

Experiment 2. -The first Stannlus ligature. Pith a frog and expose 
its heart, cutting away the pericardium, so as to thoroughly expose the auricles 
and two aortte. With an aneurism needle pass a thread under the bulbus 
arteriosus and above the two superior cavae. Lift up the apex of the heart, cut 
through the fronum, and bring the ends of the thread round the heart, so that 
it lies under the auricles. Tie a loop in the tliread and tighten it, so that it 
lies over the crescentic junction of sinus and auricles after the ligature is 
tightened. The auricles and ventricle usufi-lly give a few beats and then come 
to rest in a fully relaxed condition, whilst the sinus continues to beat at the 
same rate as before. At times the auricles and ventricle still continue 
boating, though at a slower rate. This is usually due to the ligature being 
wrongly applied. It should be relaxed and tied a second time a little nearer 
to the auricle, when the retjuired standstill will usually occur. 

In flg. 85 the effect of the application of the Stannins ligatnre is 



Fio. 86. — Application of thk Fikst Stannius Ligature to the Frog’s Heart 
AT the Point a . At 6 a Beat due to a Mechanical Stimulus. 

recorded graphically, At the point a the ligature previously placed 
in position was suddenly tightened. The two peaks immediately 
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recorded are mechanical and due to the process of tying^. The 
auricle and ventricle beats stopped at once, and the recorded line only 
shows slight undulations, which were caused by the contraction of the 
sinus. The rhythm of the sinus is seen to be at first slowed. At the 
point h the ventricle was stimulated by a prick of a needle. It gave 
a single contraction. 

Prick the auricle. With each stimulus the quiescent part gives a 
single beat. Repeat on the ventricle. The same result is obtained. 
Next stimulate with an induced shock. A single contraction is also 
obtained in this way. 

The Stannius ligature is of great importance because it enables us 
to study a single contraction after the same method adopted in studying 
a single twitch of a muscle, whereas while the heart is still beating 
rhythmically this is impossible. 

Experiment 3. — Test the response of the lieart to cloctrical Ktiiinili of 
different strengths. Attach the apex of a heart brought to a standstill by the 
Stanniuj ligature to the recording lever, as in tig. 83. Remove tlie secondary 
coil to such a distance from the primary that noitlier mak(i nor break shocks 
excite a contraction. Bring the writii .g point to the surface of a drum at 
rest, so as to record heights of twitch <; ily. Move the secondary coil gradu- 
ally iq) to the primary, stimulating tlie leart with each now position until one 
is found at which a contraction occurs rit break. Move the drum 1 or 2 mm. 
by hand. Bring the secondary 1 cii . nearer the i)rimary, and, allowing 
fully 30 seconds to elapse, stimulate •iico more. The lieight of the con- 
traction is the same as before. Further increase the strength of tlie stimuluB 
and record the contractions. There; is no increase in the, height. 

Therefore a minimal stimulus causes a maximal contraction. If a 

heart contracts at all it contracts to its full power. 

The reason for allowing an interval of from 30 to GO seconds to 
elapse in the preceding experiment before applying a second stimulus 
is because a second stimulus of even the same strength is found to 
produce a greater effect than the first if it follow the first within a 
second or so. This can be shown in tlie following way : — 

Experiment 4. — Arrange the drum to rotate at a very slow rate, about 
2 cm. per minute. Apply electrical stimuli every five Becoiids, recording the 
contractions on the moving surface. Record some twenty contractions in this 
way. 

Fig. 86 shows the result obtained. The second contraction is seen 
to be higher than the first, the third than the second, and so on up to 
the fifth, from which time they all reached practically the same height. 
The. increment of height of the second over the first is greater than the 
increment of the third over the second, and tliis increment gradually 
decreases until it vanishes. This increase of effect on repeating the 
stimulation, keeping to the same strength, is spoken of as the staircase 
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effect. We have already found that skeletal muscle gives a similar 
result (pp. 63 and 69). 



Fig. HI). — Klkcthioal Stimulation of tiik Vkntkicle of the Fhog*s Heart 
IN Stanj»htill uy the Stannius Lioatuke to Show the * Stair j ask ’ Effect. 
Interval retwekn the Stimuij 5 secs. 


Erperiinrnt 5. — Record a single beat of the heart. Arran^jc ttte drum 
to rotsito at the rate of 2 cm. per second. Fit up tlie apparatus as for record- 
ing a single muscle twitcli (fig. 87). For electrodes in tlie secondary circuit 
make a pair with line silk-covered wire as in fig B7. Cement the two wires 
together by a touch of sealing-wax or marine glue at a point, c, near to their 



free ends. Scrape oil* the insulation from tlieir projecting ends, e, which 
should be cut of ecpial length. Take a piece of flat cork of th(‘ shape of k 
and pass two pins, v aiul g, through it. Slit up the cork in two places at 
its apex and pass the wires through these slits by whicli they are held 
firmly ; then wind each wire round one of the pins and attach the two 
ends to the Ihi Bois key in the secondary circuit. Apply a Stannius liga- 
ture to a heart and, passing a bent pin through its apex, attach it to the 
recording lever, as in fig. H8. Twist the electrodes, e, until the wires lie 
above one another and pin down the electrodes to the cork base of the 
myograph, so that the wires touch the base of the ventricle. Arrange a chrono- 
graph vibrating thirty times per second to record directly under the heart 
lever. Bring the writing point to the surface and record a contraction in the 
same way as if recording a simple muscle twitch. Mark the point of stimu- 
lation and draw vertical lines with the recording lever to mark on the time 
tracing the point of stimulation and the points (1) when contraction begins, 
(2) when it reaches its maximum, and (3) when relaxation ends. Draw a zero 
abscissa line. Repeat the experiment, varying the rate of the recording surface. 

The tracing obtained is of the form shown in fig. 88, and presents 
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features closely analogous to tliose of a simple muscle twitch. The 
great difference lies in the time occupied. The time measurements 
are seen to be — 


(a) The latent period, O' 117 sec. 

(b) The period of contraction, 
0*767 sec. 

(c) The period of relaxation, 1*067 

sec. 

In examining the general form of 
the curve it is seen that the top tends 
to be flattened ; a condition which is 
often more prominent than in this 
particular curve (see curves of lig. 91). 
In different hearts the form of the 
curve varies considerably, differences 
which are largely due to the different 
temperatures at which they are ex- 
amined, and secondly to the time of 
the year. The flattening of the top 
of the curve tends to show that the 
contraction wave possesses so slow 
a rate that the first ff])res affected 
return to rest before the wave has 
extended over all the heart fibres. 
This follows from the same considera- 
tions which we liave already gone 
into when discussing the h?atures 
of the contraction wave in muscle 
(p. 73). 

In figs. 89 and 90 we have two 
further tracings taken fiom different 
hearts, and witli tlie recording surfaccj 
moving at different rates. In these 
figures the relaxation of the lieart is 
seen to be more rapid than the con- 
traction ; a con^Jition wliicli is com- 
moner than the reverse effect recorded 
in fig. 88. In both these figures the 
first and major part of the relaxation 
is most rapid ; it then becomes much 
slower and gradually ceases. Note 



that the apex of each curve is very blunt, even flattened, indicating 


that the contraction is sustained for some time. 
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Upon a heart brought to a standstill by the Stannius ligature we 
are further able to study the effect of two successive stimuli, which 
enables us to demonstrate one of the great physiological characteristics 
of heart muscle, namely, its long refractor?/ j/erioiL 



Fia. 89. -A SiNGLK Contraction of the Frog’s Ventricle. Time, 30 per sec. 



Fig. DO.^A Repetition of the Tracing op Fig. 89 with a Slower 
Movement of the Recording Surface. Time, Tracing, 8 per sec. 

Experiment 6. — Arrange the drum as for recording the effect of two 
snocessive stimuli on muscle (iig. 58). The drum should be so geared that it 
rotates at the rate of 2 to 8 cm. per second. Pith a frog, expose its heart, 
and apply the Stannius ligature. Pass a bent hook through the apex of « 
the ventricle and attach to the recording lever, fig. 83. First remove one 
of the contacts and record a single beat as in the previous experiment. 
Mark the point of stimulation and draw an abscissa line. Now arrange the 
second contact at such a distance behind the first that the second point of 
stimulation will fall near the end of the period of relaxation and record the 
result of the double stimulation. Mark the points of stimulation on the 
curve. Move the two contacts nearer and rexieat the stimulation. Carry out 
the process until a distance between the points of stimulation is reached, 
when only a single contraction results. 

In this way tracings such as those, reproduced in fig. 91 are 

obtained. 

Curve I. gives a record of the single beat. The time from the 
point of stimulation to the highest point of the curve is f^ths see. 
The total duration is ^^ths sec. 

Curve II. This is the result of two successive stimuli, the second 
following the first after an interval of ^^ths sec. It therefore fell x\ear 
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the end of the period of relaxation. We see that the heart responded 
by giving a second beat, but that there was no real summation of the 
contraction. The apex .of the second contraction is at exactly the 
same height as that of the first. 

The one difference observable is that the second contaraction is 
carried out a little quicker than the first. There is less flattening of 
the apex. The measurements of the ‘ apex time * show this very 
clearly. They are jAths sec. and sec. respectively. 



Fig. 91. — The Effect of Two Soccesbive Stimuli upon the Ventricle of 
* THE Fboo’s Heart. Time Tracing, 30 per bec. 

In curve III. w’e have practically a repetition of curve II., but the 
second point of stimulation falls a little earlier, 3i|ths wc. after the 
first, and therefore nearer the commencement of the period of relaxa- 
tion. Again we find no true summation of height. The second 
conteaction repeats the first, but starts with many fibres already con- 
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tracted. As in the plrevious curve the second is rather more rapid 
than the first contraction. The apex times for the two are f^ths and 
^ths sec. 

Curve IV. The second stimulation in this instance follows the first 



Fro, 92. — Tetanisation of a Frog’s Ventricle in Standstill by the Stannius 
Lioature. In i the Secondary Coil at 10 cms. ; in ii at 12 cms. ; in hi 
AT 13 CMS. FROM THE PRIMARY. MAGNIFICATION | 10. THE DURATION OF 

Tetanisation is Ini)ic.\tep by the Short y£RTic.\L Marks under Each Tracing. 

after an interval of sec., i.e, at the end of the period of contrac- 
tion. We note the most striking result that no second contraction is 
produced. It has fallen on the muscle fibre during a time when^t is 
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unable to respond to a stimulus. That time during which a stimulus 
produces no response in a muscle fibre is termed its refractory 
period. We see, then, that for the heart the refractory period lasts 
through the whole of the period of contraction. In contrast with 
this we have previously found that the refractory period for skeletal 
muscle was practically identical with its latent period. 

Experiment 7. — Upon the same heart study the efieet of a rapidly 
repeated series of stimuli. Arrange for tlie recording surface to move 
very slowly. Set iip the coil for giving tetanising shocks, and then stimu> 
late the heart, varying the strengtli of stimulus en^ployed. 

In fig. 92 are shown throe curves obtained in this way with 
different strengths of stimulus. In i the stimulus was strongest, and 
we see that during the \vhole period of stimulation, lasting during 
the interval between the two vertical marks, tlie ventricle never com- 
pletely relaxed. The important result, Jiowever, is that there is no 
complete fusion. A heart cannot be sent into com})lete tetanus. At 
first the"* amount of fusion was marked, but as the stimulus ))roceoded 
fusion became gradually less, and a rhythmic contraction, which 
was not very regular, was produced. Putting it in another way, 
we may say that as tetanisation proceeded the refractory period 
tended to increase. Note, moreover, that a contraction occurred 
after stimulation had ceased, showing that tlie elfec^ of the stimuli 
did not stop immediately stimulation ceased. Tracing ii was taken 
from the same heart, but the secondary coil was reriKJved 2 cm. 
further from the primary. With this wt*akci stimulation there is no 
summation of effect, except in the case of the first two heats. A 
rhythmic beating was started which ccjased ou the stiniulation being 
stopped. In the third curve (iii) the stimulus was still weaker, and 
only two contractions were produced at the commencement and 
none during the rest of the time of stimulation. 

A single break shock with the st;coiulary coil at 13 cm. produced 
no response, whereas at 12 cm., the position during tracing ii, a con- 
traction was produced. 
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CHAPTER X 

THE ACTION OF HEAT AND COLD UPON THE FBOO’S HBABT 

THE EFFECT OF HEAT AND COLD XTPON THE EXCISED 
BLOODLESS HEART 

Experiment 1. — Pith a frog and expose its heart. Cut through the 
frcnum and pass a bent hook thron^^h the apex of the ventricle. Cut away 
the lower jaw and now remove the heart entirely with the pericardium, 
cutting out with it the surrounding tissues pretty freely. Pin this on to a 
cork base fixed to a metal bar made in the following way (fig. 08). Select a 
round flat cork and boro through it from the side, making a hole sufficiently 
large to fit tightly on the short arm of a brass L-piece. Fix the cork to the 
L-piece with a little sealing-wax. The pins should pass through Ihe floor 
of the pericardium, so as to fix tlie heart firmly to the cork. The heart can 

bo fitted to the recording lever as in 
the previous experiments (see fig. 88). 
A small beaker is then filled with defibri- 
nated ox -blood, diluted with four times its 
volume of normal saline, or with Ringer’s 
solution, ‘ which has previously been 
cooled in a freezing mixture to about 0® C. 
^riie writing point is brought to the sur- 
face and a chronograph marking seconds 
arranged to write immediately under 
it. The drum is set in motion, and after 
a short length of tracing has been taken 
the beaker of cooled fluid is raised so 
as to immerse the heart. The character 
of the tracing is at once altered, and after 
about half a minute, when the record no 
longer changes, the fluid is lowered 
and the gradual change in the beat, as 
the temperature returns to its original 
height, is recorded. Take several tracings 
in this way, raising the temperature of the fluid five degrees for each fresh 
tracing. 

Tracings obtained in this way are reproduced in fig. 94. In the first 
the heart was suddenly immersed in diluted blood at 4® C. The following 
beat is seen to be of less height and considerably prolonged, the second 
one of greater height, and then the heart settled down to a slow 
rhythm of considerable force in which the contraction was sustained 
at its height for some time, and relaxation was considerably prolonged. 

1 Ringer's solution is made by saturating 0*65 per cent. NaCl solution with 
calcium phosphate and then adding 2 c.c. of a 1 per cent, solution of potassium 
chloride to each 100 c.c. 
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The rate before cooling was 24 per minute ; during cooling, 7. After 
removing the cold blood, the heart very rapidly increased in rate, and 
for the first few beats in force. The rate was increased until the beat 
became faster than the original rate. The force gradually decreased 
until at last both rate and force after about five minutea returned to 
their original state. 

At a rather higher temperature 11® C. the same effects are observed, 
though to a much less marked degree (fig. 94 a). 

At 25® C. it is seen that the rate is greatly increased — from 51 
to 93 per minute. The force of the ventricular and auricular con- 
tractions remains practically unaltered, but the time of each is markedly 
diminished, so that the auricular relaxation is finished before the ven- 
tricular contraction begins. On removing the warm'^d blood these 
changes gradually disappear. 

If a heart be immersed in blood at about 35® C., fig. 94 n, a very 
interesting result is obtained. The ventricular contraction at once 
ceases, but the auricular persists — at first very weak, but gradually 
becoming stronger. If immersion be prolonged one heat is dropped at 
irregular intervals, at times two successive ones. On cooling, the heart, 
after some few seconds, once more begins to beat, and at first with 
greatly increased frequency. Sometimes, as in the tracing reproduced, 
the ventricular contractions after a time are once more dropped, and 
the auricular become much weaker. After a varying interval, rhythm 
for a second time returns, and the heart apparently recovers com- 
pletely. During both periods, when the ventricular contractions cease, 
the ventricle will respond with a single beat on mechanical or electrical 
stimulation, though the stimulus required is greater than normal. 

Another change which this tracing shows is in the amount of * tone * 
of the heart. Directly after immersion the heart begins to elongate, at 
first fairly rapidly, and then more slowly, i.e, there is a diminution of 
tone. As soon, however, as the heart recommences beating this tone is 
recovered, and even becomes greater than before. When the ventricle 
once more ceases beating the tone immediately falls again. 

In some hearts a different result is produced at this temperature. 
The heart may at first beat very rapidly before the ventricle finally stops. 
This is because the heart takes a little time before it reaches the tem- 
perature at which the ventricle stops, and if the fluid be only just above 
this temperature the time required to reach this point is much longer 
than if the temperature be distinctly higher. 

In the last tracing the immersion fluid was at 38® C., and it is seen 
that after one short contraction the ventricle ceased, and then some 
five or six beats later the auricle also stopped. The heart then relaxed 
a little, t.e. there was a diminution of tone. About 30 secs, after im- 

‘ I 
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mersion a new change occurred, viz. a gradual and regular contraction. 
This is the production of heat rigor. The heart was kept at this tem- 



perature for four minutes and was then cooled. No relaxation occurred, 
though after three minutes the heart once more regained a rhythm, 
though of much weaker force than before. 
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If the heart be kept much longer at this temperature, or for a 
shorter time at a higher temperature, heat-contraction is more pro- 
nounced, becomes complete, and then no recovery occurs on cooling. 

The effect of heat and cold upon the heart in situ. — The effect upon 
the beat of raising or lowering the temperature of the whole heart has 
been determined by several methods. We can employ the same 
arrangement as that of the previous experiment, but having pithed 
the brain it is best to curarise the frog. It is then pinned down to 
the cork and the heart attached to the lever. The beaker of fluid is 
then brought up as before, allowing the legs to remain out of the 
beaker. The results obtained by this method are practically the same 
as those already described above. 

Engelmann passes a tube through the cesophagus and out of an opening 
in the stomach wall. Water of different temperatures is then circulated 
through the tube. 

Another simple plan is to arrange the heart for recording by the suspen- 
sion method, and then while the tracing is being taken a fine stream of 
normal saline at the temperature required is directed on to the heast through 
a glass tube drawn out to a fine capillary orifice. By this method it is 
possible to limit the cooling or heating mainly to the auricles and sinus 
without affecting the ventricle. 

A third plan is to record by the suspension method, having previously 
arranged a coil of platinum wire around the heart. The coil is then heated 
by an electrical current, and thus forms a small source of heat, whose action 
by altering its position, be limited chieffy to either the sinus and 
auricles or to the ventricle. 

The results given by these methods are similar to those already 
given for the excised heart, but with the difference that where the 
alteration of temperature is limited chiefly to the sinus, the result 
tends towards alteration in rhythm without alteration in the character 
of each boat. On the other hand, where the heating or cooling effect 
is chiefly localised to the ventricle the main effect is an alteration in 
the force and character of the beat with no change in the rhythm. 
As in the first experiment, when the rhythm alone is altered, heat 
tends to accelerate ; when the character is altered, heat up to about 
20^ tends to increase the force, above that temperature to decrease the 
force, until at about 30° the rhythm is stopped, though on again cool- 
ing the heart will recover. At about 35° G. the heart begins to pass 
into the state of heat-rigor, and no complete recovery is then possible. 


THE EFFECT OF HEAT AND OOIiD UPON A SINGIiE 
CONTRACTION OF THE VENTRIOLB 

In addition to examining the result of varying the temperature 
upon a heart beating rhythmically the alteration in a single beat should 
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also be studied a little more closely. 
This can readily be done by the aid of ti 
heart brought to a standstill by the Stan- 
nius ligature. 

JLxjieriment 2. — Prepare the ax^paratas 
for recording single contractions as in ex- 
periment 5, p. 106. The drum should rotate 
2 cm. per second. Pith a frog, expose its 
heart, and apply the Stannius ligature. 
Hook^ a bent pin through the tip of the 
ventricle apex. The heart may now be 
excised and attached as in fig. 93. Eix 
the electrodes for stimulating the ventricle. 
Take a small beaker full of the diluted 
blood (or Hinger*s solution), which has ju'e- 
viously^ been cooled in a freezing mixture, 
and bring it up around the cork base, so as 
to immerse the heart. Take the temx>era- 
ture of the dilute blood. After about a 
minute's ynmersion lower the beaker and 
record a contraction, liaise the temperature 
of the dilute blood five degrees by x>lacing 
the beaker for a few seconds in hot water. 
Again immerse the heart for one to two 
minutes. Then lower the beaker, see that 
the writing point is again at the same level, 
and record a second contraction over the first. 
In this way record a series of contractions, 
increasing the temperature each time until 
a range of from 5® C. to 80® C. has been 
reached. Mark the point of stimulation, 
draw an abscissa line, and take a time- 
tracing of 30 per second beneath tlie zero 
abscissa. 

Fig. 95 represents such a series of 
curves. Measurements of each should 
be taken and arranged in a tabular form, 
as has been done for this exxierirnent in 
the table on next page. 

l^om this figure and its accoriixiany- 
ing table the following points are clear : 

1. As the Ifemperature rises the 
latent period becomes shorter. 

2. As the temperature rises the 
period of contraction becomes shorter, 
at first very rapidly and then more 
slowly. 

3. The period of relaxation shows 
a sitdden shortening from 7 to 10® C. It 



Pio. 95.— Single Contractions of the Frog's Ventricle at Various Temperatures. Twe Tracing, 30 per sec. Magnification, 
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Temperature 

Duration in |\;th Sec. of 

Total 

Time of 
Contraction 

Height of 
Contraction 
in Mm. 

Latent 

Period 

Period of 
Contraction 

Period of 
Relaxation 

7° C. 

4*5 

49 

285 

82 


10 

4 

39 

11 

54 


15 

4 

27 

12 

43 



3 

14 

12 

29 


25 

3 

9 

11 

23 


30 

3 

4 

4 

11 




TEMPERATURES 
Pig. 96. 



TEMPERATURES 


Fig. 97. 

then remained perfectly constant until 30** C. was reached, when there 
was again a sudden diminution. 
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4. The total time showed at first a rapid diminution, and then a 
more gradual one as the temperature rose. 

6. The height of contraction showed a maximum at 7® C., a relative 
minimum at 10° C., a relative maximum from 15 to 20° C., and an 
absolute minimum at 30° C. 

These different points can be very clearly figured by the use of 
squared paper, and should be carried out as in figs. 96 and 97. 

These conclusions should also be compared with those we have 
already obtained when studying the ellect of varying the temperature 
upon striated muscle (p. 46). The results are found to very closely 
resemble each other in most of their important features. 
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CHAPTER XI 

THE NERVES OF THE FllOG*S HEART AND THEIR FUNCTIONS 

MAKE A DISSECTION TO SHOW THE NERVES OF THE 
FBOCPS heart. — ^T he nerve supply to the frog's heart is from two 
sources, the vagus and the sympathetic. 

To find the vagus expose the heart in the usual mauner, leaving, 
however, the pericardium intact to serve as a protection while the 
dissection is being made. Full aside the lateral pieces of the ftemum 
and separate the muscles running from it to the fioor of the mouth. 
When this is done a muscle comes into view which is the guiding 
mark for the vagus. This muscle is the petro-hyoid, which arises from 

the base of the skull and is 
inserted into the posterior 
cornu of the hyoid bone. Its 
direction is from the joint of 
the lower jaw, round the 
pharynx in an almost trans- 
verse direction to the body of 
the hyoid. This muscle should 
be clearly made out (fig. 98, 
ph). It is arranged in three 
separate small bands, in series 
one behind the other. Crossing 
it are two nerves: one late- 
rally placed, the glosso-pharyn- 
geal, OP, coursing from the 
angle of the jaw over the muscle 
to run forwards into the tissues forming the fioor of the mouth ; the 
other, the hypoglossal, h, crosses it much nearer the mid line. The 
latter nerve is the first spinal nerve in the frog. In relation to the 
lower border of the muscle lies the carotid artery, a. If the muscle be 
now laid hold of, a nerve will be seen running along its lower edge and 
partly covered by it This is the vagus, v. A branch of this, the laryn- 
geal, L, usually runs a separate course parallel to the inaiT> trunk, 



Fio. 08.— To Show the Course of the 
Vaous in the Frog. 
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leaving it as the nerve comes towards the anterior mid line. The main 
trunk of the nerve branches near the heart, the larger half running 
backwards towards the lung ; the other is the cardiac branch. The 
vagus must be isolated completely from the surrounding tissues. It is 
important to remember that the nerve thus isolated is not the vagus 
only, but has already been joined, immediately after its exit from the 
skuU, by a large branch from the sympathetic. The cardiac branch 
therefore contains both vagal and sympathetic fibres. 

To expose the sympathetic before it joins the vagus, cut away the 
whole of the lower jaw by a single transverse incision. TMck up the 
mucous membrane covering the roof of the mouth and cut it away, 
removing it well down to the cesophagus. This brings into view a 
triangular-shaped muscle, the levator anguli scapula? m, fig. 99. 
Very carefully cut this through near to its attachment to the base of 
the skull and turn it down. This 
brings <ij;ie sympathetic into view. 

It is usually accompanied by a blood- 
vessel which lies over it, and being 
pigmented serves as a guide to the 
nerve. 

The nerve is very readily seen as 
it crosses the large root of the second 
nerve, above which it bifurcates to 
pass round the subclavian artery, 
forming the annulus of Vieussens. 

Carefully isolate the sympathetic 
between the annulus and its junction 
with the vagal trunk. Pass a fine 
ligature round it and tie it as far down 
as possible. 

Cut the nerve below the ligature. 

The cardiac fibres of the sympathetic 
leave the cord mainly in the ramus 
communicans from the third nerve, 
and to a less extent in that of the 
fourth nerve. In the same dissection 
it is easy to expose the petro-hyoid muscles and remove them, and in 
this way the vago-sympathetic in its course from the ganglion of the 
trunk of the vagus to the heart can be readily traced. 

Having exposed the two vagi and passed threads under them their 
action diould be studied as follows : — 



Fi<». Oy. — Thk Course of the 
Sympathetic in the Frog. 
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Experiment 1. — Stndy tbe inlluenee of fbe oagns upon the heart. Pre- 
pare the coil for giving tetanising shocks. Dissect out both vagi. It is 
best to cut the laryngeal branch of each vagus because if this be left intact 
the muscles contract when the nerve is stimulated and acting upon the 
pericardium, pull down the base of the heart, and so alter the level of 
the tracing. Attach the heart to the recording lever by the suspension 
method, hg. 88. If the heart be beating very slowly apply a little warm 
normal saline solution (at 20° G.) by a pipette until the beat is quickened. 
Remove the secondary coil to some distance from the primary. The 
electrodes, tig. 87, should have their ends bent up into a hook, and the 
outer sides of the wires may be further insulated by a little sealing-wax to 
prevent escape of the current. Hook up one vagus on to the electrodes. 
Now take a piece of tracing, the drum rotating about 1 to 2 mm. per second, 
and with a seconds time tracing recorded directly beneath. After about ten 
contractions open the key in the secondary circuit, so that the nerve may be 
stimulated, and mark on the tracing the instant at which the stimulus was 
applied. If no change occur close the key, marking the instant at which 
the stimulation was stopped. Next move the coil 2 cm. nearer the prima^, 
and repeat the stimulation as before. Repeat several times, gradually in- 
creasing the strength of the stimulus until one or two tracings showing complete 
inhibition have been recorded. Time must be allowed after stimulation is 
stopped to record the fiill series of changes occurring after stimulation. 
Repeat the series, stimulating the vagus of the opposite side. ^ 

It must be remembered that in this experiment we are stimulating 
both sets of cardiac fibres, sympathetic as well as vagal. 

In fig. 100 the result is shown. The laryngeal branch was not cut, 
and we see that on each stimulation the general level of the record 
was lowered. When the secondary was at 19 cm. (tracing 1) there 
was a very slight slowing effect. One evidence of this is to be seen in 
the auricular tracing. Before stimulation the auricle began to contract 
before relaxation of the ventricle was complete. During the stimula- 
tion, however, the time interval between two successive beats is very 
slightly increased, and this allowedrelaxationof the ventricleto be com- 
pleted before the next auricular contraction commenced. In tracing 2 
with an increase in strength of stimulation there is a clear diminution 
of rate. Note that the effect does not occur instantaneously. There is a 
gradual production of the slowing lasting over four beats. The rate 
before stimulation was 38 per minute ; towards the end of the time of 
stimulation it was 30 per minute. A second change, occurring as a 
result of the stimulation, is an increase in the force of each beat as 
judged by the height of the tracing. In the measurement of these trac- 
ings, where we are examining the heights of contraction, it must be re- 
membered to measure from the point where the ventricular contraction 
begins to the highest point reached. It will not do to take the totaV 
height of the tracing as the measure of force, because at times a con- 
siderable amount of the rise may be due to auricular contraction with 
ventricular superadded; at other parts of the tracing it may be 
purely ventricular contraction. Examine in this connection fig. 102 
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In ths pi609 bnfon stininl&tion this is 8 iniu., during^ stinulAtion it is 
11 nun., and altar stimulation it soon returns to its initial heig^ht. A 
thM change to be obsei^ved isvith regard to an altered rate of trans- 
mission of the contraction from the auricle to the Tentricle. Before 
stimnUtion the auricular beat was practically ccmpleted before the 
ventricular beg^n. Under the influence of the stimulation the time 




Fio. 100. — Effects of Tetanisino the Vaous with Dikfeiiknt Sthknutuh of 
Stimuli. In Tracing 1 the Secondary Coil was at 10 cms. ; in 2 at 18 cms. ; 
IN 3 AT 16 CMS. ; IN 4 AT 16 CMS. ; AND IN 6 at 14 CMH. FROM THE PRIMARY 
Coil. Time Tuacino Seconds. 

relation gradually changed and showed that the wave of contraction 
passed more readily from auricle to ventricular, le. that conduction 
between the two was favoured. 

In trying 3, with slightly increased strength of stimulus, slowing 
is^more pronounced, from 36 to 25 per minute. The height of each is 
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again increased — 8 mm. before as compared to 10 during stimulation. 
There is again an increase in the rate of conduction of the contraction 
wave from auxiole to ventricle. There is also less delay between the 
commencement of stimulation and the production of its effect than in 
the preceding case. 

In tracing 4 the same points are again to be observed^ but it is 
noticeable that the slowing becomes less marked as stimulation proceeds. 
Bate of beating was 36 before and 24 during stimulation ; the height 
before, 8 mm. ; during stimulation, 9 mm. 

In tracing 5 we see that after two beats the heart comes completely 
to rest. There is a delay before the effect of the stimulus is apparent. 
After stimulation ceased a short pause occurred, and then the heart 
recommenced to beat. The rate gradually increased. Thus the time 
interval between the commencement of the second beat and corre- 
sponding point of the first is secs. ; between 3rd and 2nd, 3 secs. ; 
between 4th and 3rd, 2^ secs. It then quickly regained its original 
rate of 43 per minute. The height of the beat also shows a /gradual 
increase. The measurements are : For the 1st, 4^ mm. ; the 2nd, 
5^ mm.; the 3rd, 6mm.; the 4th, 6^ mm.; the 5th, 7mm.; and then 
in a few beats it attained a height of 9 mm. as compared to one of 
8 mm. before stimulation. Thus inhibition has had a beneficial 
effect upon the ventricle, enabling it to beat a little more forcibly for 
a time, but this gradually dies away, and in about 20 beats the height 
is once more 8 mm. The same holds true even to a more marked 
degree for the auricular contraction. The rhythm between auricle 
and ventricle beats also shows a very interesting change. In the 
first beat after the stimulation the ventricular contraction commences 
shortly after the commencement of the auricular relaxation ; in the 
second beat at a rather later time ; and as the beats follow one another 
the ventricular beat gradually falls later in the auricular diastole. 
Associated with the gradual slowing of the ventricular beat with 
respect to the auricular it is seen that the auricular contraction beg^ 
progressively earlier with respect to the ventricular diastole, and that 
at last it occurs when about one half of the diastole is completed. As 
this happens the auricular systole becomes progressively less and less 
mhrked, and finally is only represented as a break in the descent repre- 
senting the ventricular systole. These facts tend to show that con- 
duction of the contraction wave from auricle to ventricle is at first 
rapid, but gradually becomes slower than normal as an after-effect of 
the vagus inhibition, once more running to its normal rate as that 
after-effect gradually wears off. 

We must remember that in the results we have just been examining 
we are not dealing with the result of stimulation of pure vagal fibres, 
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but with that of the mixed vagpis and 83rmpathetio. To determine 
which of these results are due to vagal fibres only, our only procedure 
can be to stimulate the. vagus inside the skull before it has been joined 
by the sympathetic fibres. We may state as the general result of 
impulses passing down the vagus fibres 

(i.) That they cause slowing or inhibition of the beat, depending 
upon the strength of stimulus employed. 

(ii.) That they tend to weaken the force of the beat when slowing 
occurs. 

(iii.) That as an after-effect there is for a time an acceleration 
accompanied by an augmentation of the force. 

There is often to be observed a difference in effect between the two 
vagi. Sometimes one vagus is found not to possess any inhibitory 
fibres, in which case the opposite vagus is found especially active. It 
is usually found that the effect is not identical on the two sides, one 

usually being more powerful than the other. 

• 

Experiment 2. — Contrast the ofTect of stimulation of tUe oreseent with 
stimulation of the va^is. Prepare the apparatus as for the precodinf^ 
experiment. Dissect out both va^i, passing fine threads round them, so that 
they may be readily picked up when recpiired. Having attached the heart 
to the lever place one vagus upon the electrodes, and after recording a short 
piece of normal tracing send in a tetanisiiig (uirrent into the vagus and record 
its effect. Next repeat on the vagus of the opposite side. Finally apply the 
electrodes, so that they touch the crescentic junction between sinus and 
auricles, and record the result of stimulation in this position 

Fig. 101 gives the result of such an experiment. The first tracing 
is interesting because no inhibition resulted on stimulating the right 
vagus. The only alteration seen is a slight change in the sequence of 
the beat, the ventricular contraction commencing a little earlier in 
the auricular relaxation. Stimulation with stronger currents also 
had no inhibitory effect. Stimulation of the left vagus produced a 
typical inhibition (ii, fig. 101). Finally in iii is seen the effect of 
stimulation of the crescent. In this latter there are but slight dif- 
ferences from a typical vagus effect. Complete inhibition follows after 
a short latency, and on cessation of stimulation there is after a short 
latency a returq of the beat, which shows the staircase effect, though 
not so clearly as in ii. After the stimulation the auricular con- 
traction tends to commence earlier in the ventricular relaxation, a 
change gradually occurring, until finally it is seen to begin at about 
the middle of the relaxation. 

Experiment 3. — Examine the action oftlie sympatlietlo upon the heart. 
Arrange the apparatuB as in the previous experiment. Dissect out the sym* 
pathetic off one side, placing a ligature around it, as described on p. 121. 
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Arrange the heart to record as before, and place the nerve upon a pair of elec- 
trodes. Garry out the experiment upon a similar plan to that used for the 
vagus, and so obtain a series of tracings showing the effect upon the heart 
with different strengths of stimulation. If the heart be beating rapidly the 
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Fio. 101 . — Tracino I Shows the Effect of Tetanisation of the B. Vagus ; 

II OF the L. VaOUH ; AND III OF THE CrEBCENT. In ALL GaSES THE SaME 
Strength of Stimulus. 

Influence of the stimulation is not very marked, in which case the heart 
should be cooled by allowing a little normal saline, which has been cooled by 
ice, to drop on to it until its rate is slowed. 

Fig. 102 shows a typical result of such an hxperi&ient : the upper 
two tracings are from the same heart with different strengths of cur- 
rent, the third from a different heart. The first shows that during 
stimulation the following changes occur : — 

i. Acceleration of the beat. Before stimulation this was 15 per 
minute, during stimulation 30 per minute. After stimulation ceased 
the heart gradually slowed again until its initial rate was pnce more 
reached. 
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u. An increase in force. Before stimulation the height of the 
ventricular beat was 9 cm., hut during stimulation it reached 12 cm. 
These measurements must be made from the lowest to highest points 



of the ventricular contraction, for the increase in force is to a con- 
siderable extent masked by the change in character of the trace 
brought about by the altered sequence. An increase in force of auri- 
cular beat .is also produced, though to a less relative degree than 
with the ventricular. 

iii. An alteration in the sequence. There is produced a delay in 
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the conduction of the contraction from auricle to ventricle, so ibhat the 
auricle has quite relaxed before the ventricular systole begins. Fur- 
ther, as the rate of beating is faster, it is seen that a contraction of the 
auricle commences before the ventricular contraction is complete. 

iv. A gradual return to the normal state after stimulation has 
ceased. The acceleration gradually disappears. The force of the 
beat at once begins to decline until it reaches the original amount. 
A change in conduction occurs in the reverse direction to that found 
during stimulation. Bate of conduction is increased, and ventricular 
systole commences soon after the auricular contraction reaches its 
maximum. The result is that there is more summation of auricular 
contraction to ventricular, with the result that the total amplitude of the 
trace is greater than during stimulation, though each individually is 
less. This increased rate of conduction gradually dies away and 
returns to the original value. 

These results should be directly contrasted with those found on 
vagal stimulation (p. 122), where they are seen to be in exactly the 
reverse direction. 

In II a similar effect is found in all particulars, differences being 
only of degree. Bate is increased from 16 to 32 ; height from 9 mm. 
to 11*5 mm. ; and change of sequence is of the same character. 

Tracing iii is from a less exhausted heart, and shows the changes 
very clearly. 

Bate before stimulation was 25, during stimulation 42 per minute. 

Height of ventricular contraction before stimulation was 9'5, during 
stimulation 14 mm. 

Change of sequence is at first as in previous tracings, but this is 
then followed by another alteration in which the auricular contraction 
commences later in the ventricular relaxation, though conduction is 
still delayed as previously. After stimulation ceases the same stages 
are passed through as were previously described, and to a very marked 
degree. 

The Second Stannius Ligature. — In a previous series of experi- 
ments we have seen that a ligature applied between the sinus and 
auricles leads to a standstill of the auricles and ventricle in diastole, 
while the sinus continues beating with unaiy|pd rhythm. 

Experiment 4. — Complete the Stannius experiment by' applying a second 
ligature at the junction of the auricles with the ventricle. . 

It will usually be found that the auricle still remains quiescent, 
but that the ventricle begins to beat. Count the rate at which 
sinus and ventricle beat. It will be found that the ventricle is 
beating at a slower rate than the sinus. This is the rule, but 
occasionally it is found that the auricle only begins io beat, or 
again that both start beating. As to the meaning to be given to this 
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experiment, opinions differ. One view is that the first ligature causes 
standstill of auricles and ventricle by stimulating the inhibitory 
mechanism at the junctfon of sinus and auricles, and tliat this inhibi- 
tion lasts some time, until the mechanism becoming fatigued, the 
inhibited parts gradually regain a rliythmic contraction. This view 
is borne out by repeating the experiment upon a heart poisoned by 
atropine. The atropine paralyses the inhibitory nerve terminals of 
the heart, and it is found that standstill is impeded or prevented by 
atropine. The second ligature is supposed to act by cutting off the 
inhibitory influences, set in action by the first ligature, from the ven- 
tricle, which then commences to beat at its own rhythm. 

According to Gaskell, the probable explanation of the experiment is 
that the first ligature blocks the contraction wave oi iginating in the 
sinus. Auricles and ventricle, therefore, for a time reinrni quiescent, 
ultimately originating a rhythm of their own, though this requires 
time. This does not, how’ever, thoroughly explain all the facts, for if 
the auricles and ventricle be excised, they gain a fresh rhythm in 
quite a short time, and it therefore seems to follow’ that the first 
ligature must be causing some inhibitory influences preventing the 
establishment of that rhythm. On Gaskell’s view the action of the 
second ligature is to stimulate the ventricle, and consequently to lead 
to a rhythmic contraction. It is difficult to k»jo why the first ligatures 
should not also act as a stimulus, or w hy the second should not 
stimulate the auricle rather than the ventricle. 
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CHAPTER XII 

ACTION OF DRUGS UPON THE FROG’S HEART 

ACTION OF MUSCARINE AND ATROPINE 

Experiment 1. — Take a piece of fairly wide glass tubing and draw it out 
at one end to form a pipette with very fine orifice. Arrange the apparatus 
for recording the heart beats by the suspension method, having dissected 
out the vagi. Record the effect of stimulating the vagus and the sinus. Take 
some of the muscarine solution ' in the pipette and allow it to fal|. drop by 
drop, on to the heart while it is still recording. Almost at once the beat 
becomes slower, and gradually force and rate decrease until the heart comes 
to complete standstill in diastole. Stimulate the heart, either mechanically 
or electrically. It will be found to re(piire a very strong stimulus to make 
it respond. After allowing it to remain at rest for a short time to see that 
there is no tendency to recovery, wash out the pipette and fill it with the 
atropine solution.^ Let the solution fall on to the heart. Gradually the heart 
begins to beat again, and shows precisely the same phenomena as after inhibi- 
tion by vagal stiinulation. If the heart had been beating weakly before the 
application of the muscarine solution, its beats after the application of the 
atropine often attain a much greater amplitude. 

Next place one of the vagi on the electrodes and tetanise it. No slowing 
nor inhibition occurs. Next apply the electrodes to the crescent ; still no 
inhibition takes place. The atropine has paralysed the inhibitory nerve 
terminals in the heart substance. The fact that atropine abolishes the mus- 
carine effect proves that muscarine also acts on the nerve mechanism, 
and not directly upon the heart muscle. 

In tig. 103 a record taken during such an experiment is given. The 
solution of muscarine was applied after the fifth beat of tracing i, and 
very quickly a change in the rhythm of each beat was produced. The 
auricular beat, which previously commenced during the ventricular dia- 
stole, was delayed and became less forcible. The sinus contraction also 
became marked on the tracing. Gradually the force" of the auricular 
beat became less and less, though for a time that of the ventricular beat 
was maintained. Later, the ventricular contraction became less forcible 
and slower, and finally suddenly ceased. The line seen at the end of 
the tracing shows undulations which were due to the sinus beat. 

' Made by adding a drop of a strong muscarine solution to some normal saline 
solution. 

A ^ per cent, solution of the sulphate in normal saline. 



EFFECT OF ATROPINE 


18J 


After about a minute had elapsed atropine solution was dropped on to 
the heart, commencing at ii, fig. 103. After an inter^'al a small contraction 
of the ventricle occun ed, 
and gradually this in- 
creased in force and fre- 
quency until the charac- 
ter of the beat was once 
more regained. It is 
also seen that the force 
of the auricular beat 
was regained, though 
more slowly than the 
ventricular. In about 
the middle of this tracing 
the rate of conduction 
of the contraction wave 
from auricle to ventricle 
is seen *to be slow, and 
from that time on to in- 
crease, until finally it 
became very rapid. 

Atropine, then, favours 
the conduction of the 
contraction from auricli; 
to ventricle. Tracing 
III shows that stimula- 
tion of the left vagus 
with strong tetanising 
shocks thrown in from 
a to h produced no 
inhibition nor change of 
force. In iv the sinus 
was stimulated. This 
also proved ineffectual, 
though, previously, 
stimulation o| both 
vagus and sinus pro- 
duced the usual inhibi- 
tion. These inhibitory effects are reproduced in fig. 101, p. 126, 
taken just before muscarine had been applied. 

Experiment ‘2. — To a fresh heart arranged as in the previous experiment 
apply a few drops of a ^ per cent, solution of pilocarpine nitrate. It acts 
similarly to muscarine, and its effect is abolished by atropine. 
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Fio. 104 . — Trac’INu I SiiowH the Effect of Applying a Weak Solution of 
Nicotine Biukctly to the Heart. The Short Vertical Mark Indicates 
THE Instant at which it was applied ; ii Gives the Result of Stimulation 
OF the Vagus ; iii of Stimulation of the Qrescent ; and iv of Stimulation 
OF THE Crescent after a Further Dose !6f Nicotine had been Applied. 
Time Tracing Seconi»s. Maonificaiion, 5. 
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A.OTION OF NICOTINE 

Expevvtnent 3. — Arrange a heart to record as before, liaving previously 
isolated one vagus and placed it upon a pair of electrodes. Teat the vagus 
to see that it causes inhibition on stimulation, llecord a few normal beats 
and then apply a few drops ot a 0*1 per cent, solution of nicotine in normal 
saline. The heart is slowed for a few beats and then beats rather quicker 
than before. Now stimulate the vagus. There is no inhibition. Apply the 
electrodes to the crescent. The heart is inhibited. 

The action of the drug in a weak solution is to first siiinulate nerve 
cells and then to paralyse them. The stimulation is sliown in the 
inhibition, which may be but slight or fairly well marked, according to 
the strength of the solution. After a few beats the heart regains its 
rate, and may even become quicker and the force greater than before 
(i, fig. 104). In II is shown the effect of stimulation of tlic vagus. No 
inhibition or slowing follows even with strong stimuli, though previously 
the inhibitory effect had been very readily produced. During the 
stimulation an augmentor effect is produced, the height of the beat 
becoming 23*5 mm. as compared with 21 mm. There is only slight 
acceleration, and both effects gradually die away. In iii is seen the 
effect of stimulation of the sinus. It is perfectly characteristic of 
the result given by a normal heart (fig. 101, m). All these three 
tracings were taken quickly one after the other, jind then more nicotine 
solution was applied. It was then found tliat stimulation at the sinus 
no longer produced inhibition. With weak currents no effect at all 
was perceived except a slight acceleration. The strength of the 
stimulus was then considerably increased, when marked acceleration 
was produced lasting as long as stimulation continued. On cessation of 
stimulation the heart was inhibited, but after a time recommenced 
beating with a rhythm at first slow, but gradually increasing until the 
original rate was once more attained. 

This experiment is of great importance becau.se it affords an ex- 
cellent example of the value of nicotine, us it is now employed for 
determining the position of nerve cells on the cour.sc of visceral nerve 
fibres. It is found to first stimulate these cells and then paralyse 
them, and if th% dose be increased the nerve fibres themselves also 
become paralysed. This is a general rule for all visceral nerve 
fibres and cells, and in the experiment as above carried out proves 
that cells kre interposed on the course of the vagus fibres, and are 
situated in the region of the crescent ; but that on the other hand the 
sympathetic fibres run straight to their terminals without having 
nerve, celk interposed on their course within the heart. 
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CHAPTEE XIII 

SOa^B PURTHEK METHODS FOR EXAMINING THE ACTIVITY OF THE 
frog’s HEART 

The student must become familiar with some of the other methods 
which are employed for recording the heart movements other than 
the suspension method. 

Experiment 1. — Take a record of the beat of the ventricle by means of one 
of the recording levers represented in fig. 69. The foot of the vertical rod h 
is to be arranged to lie on the ventricle, and will thus rise and fall with 
increase and decrease of thickness of the ventricle. 

During diastole the ventricle wall becomes flaccid, and thus under the 



Fio. 105. — Tbacinos liKco]<i»Ki> UY A Lkvku IIkstxmo upon a Fk<x3's Heart. In 
Tracinos I AND II THE Lkvku Rested iu'on the Ventricle ; in hi and iv 
UPON THE Junction op Auricles with Ventricle. Time Tracing Seconds. 

intiiience of gravity acting on its own substance and of the weight of the 
lever it becomes flattened. With each systole the ventricle hardens and 
becomes circular in section, and thus lifts the recording lever. If the ampli- 
tude of the record be small, it generally means that the pressure of the lever 
on the heart is too great, and this may be relieved by fixing a wire to* the 
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lever near the axis and bending it over, so as to lie to the other side of the 
axis, and thus act as a counterpoise. To its end a small weight can be hun^, 
as, for instance, a piece of folded paper, whose position can be varied until 
the best amplitude is obtained. 

Fig. 106 shows tracings taken by this lever. Tracings i and ii are 
taken with the lever resting on the ventricle only, in ii the drum 
moving rather more than twice as fast as in i. The up-stroke means 
a contraction of the heart, the down-stroke relaxation. At the end of 
relaxation there is a pause for a time before a fresh contraction occurs, 
and in a few of these a slight rise is indicated, which is due to the 
filling of the ventricle on auricular systole. The contraction is seen 
to be sustained for a time before relaxation occurs. In tracings iii 
and IV the lever was placed so as to rest on the junction of auricle 
and ventricle ; we see that the two contractions are now recorded. 

Recording by this method we may study any of the results to 
be obtained in tho experiments in which we used the suspension 

method. 

• 

Another method of recording changes in the excised heart’s activity 
is the plethysmographic method. 

Experiment 2. — Take a tracing with Roy’s tonometer, fig. 106. This 
consists of a small glass bell-jar wIiokc base fits on a brass support. The 
joint is made tight by smearing the ground surlVico of the rim of the glass 
vessel with lard and rubbing it down tightly on to the brass base. In the 



Fici. lOG.— Roy’s Tonomktkh. (IIaij.ibuuton.) 


base is a central hole into which a short cylinder is screwed, and the lower 
orifice fo this is closed with peritoneal membrane. A second orifice is fitted 
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with a tube, on which is a taj), which is used for filling or emptying the 
veBsel. The heart is tied on to a perfusion cannula fitted in a glass stopper 
which closes the upper end of the glass vessel. This is then brought into posi- 
tion, and the vessel filled with oil. With each contraction of the heart the 
volume diminishes and the peritoneal membrane, and with it the recording 
lever, rises ; with each relaxation it falls. 

Experiment 8. — Take a tracing with Schafer's heart plethysmograph. 
A diagrammatic sketch of this apparatus is ^ven in fig. 107. The heart is tied 
on to a two-way cannula and then fitted tightly into a glass bulb filled with 
oil. On either side of the bulb is a glass tube fitted with a tap. The one to 
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the left is for adjusting the amount of oil in the apparatus ; that on the right 
carries a piston recorder bearing a writing point. With each contraction of 
the heart its volume decreases, and the oil and piston move towards the 
bulb. The writing point is then caused to record its movements upon a 
blackened surface. 

.\ simple form may be made and used as in the following experi- 
ment : — 

Experiment 4. — Take a tracing wdth the piece of apparatus shown in fig. 
108, 1. A glass perfusion cannula is made from a glass T*piece, t, one end of 
which is drawn to a slight constriction, and the end then bevelled off by rub- 
bing it on emery paper and then rounding it in a flame. Through this 
tube, o, a piece of glass tubing, F, drawn out to a fine orifice is passed 
and is cemented in by sealing-wax, c, so that the capillary orifice lies in the 
orifice of the lower end. This is then fixed in a cork in which a second tube, 
A, is also fixed, and the cork fitted to a short piece of wide glass tubing, d. 
The low'er end is closed by a second cork through which a wire, w, passes. 
Expose a frog's heart and ligature the frenum near the ventricle. Gut 
the frenum beyond the ligature, lift up the ventricle, and cut into the sinus 
transversely. Introduce the cannula, wiiich must previously be filled with 
diluted ox-blood through this aperture, passing it throu^ the auricle into 
the ventricle, and tie it in by a ligature passing round the amiculo- ventricular 
groove. Free the heart from the surrounding parts and wind a fine copper 
wire round the cannula, touching the ventricle where it is tied to the cannula, 
so as to form an electrode. Fit the cork into the glass tube, d, which is 
filled with normal saline, so that the fine wire electrode is held tightly 
between the cork and the glass. Attach the rubber tube on F to a burette 
containing diluted blood, taking care that no air is included in the tubing. 
Now record the heart's movements in two ways : (i.) by attaching the tube 
A to a tambour by tubing of narrow bore. It is best to replace most of the 
air in this tubing with normal saline, and to interpose on it a glass T-pipce, 
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the lateral orifice being closed with rubber tubing and a spring clip. This 

gives a record by the plethysmographic method ; (ii.) by attaching the tube 

T to the end, a, of a small mercury manoiuetor, fig. 108, ii. On the tube A is a 
three-way tap, t, which caii be turned so that the tube a is connected with the 
manometer m only, with the exit tube b onlj', or with botii, or completely closed. 
The movements of the manometer are recorded by a small glass float, F, pro- 
vided with a glass writing point. This latter method is that of Kronecker’s 
frog-heart manometer. The first method records changes in volume. The 
second method records the pressure attained by the tliiid with each contraction. 

As soon as the heart is fixed in position it may commence to beat rhyth- 
mically, especially if the internal pressure ho raised by altering the jiosition 



FlO. 108. bU0(i-HKAHT I’liliTJlVHMOt.liAIH 1«\ WllH Il TIIK I'llKSSr UK CllANOKH 

CAN ALSO UK 11k('OUI>I*:1> IlY A SMALL M ANOMKTKIl. 

of the burette of circulating fluid. If it remain <|uioKccnt it may be stimu- 
lated by sending induced shocks through it by coniuic.ting the secondary coil 
(1) to the wire touching the heart at its bas*^ ; and (2) to the stout wire, w. 
It is not necessary for the upper end tif w t*> toucli the heart, it need 
only be brought near to it. Bring the secondary coil nearer to the primary 
until the induced current is sufficient to cause a contraction. Repeat the 
stimuli every three seconds and rec<jrd the contractions. After a certain 
time the heart ceases to beat altogether, liiit before doing so it becomes 
irregular. A commonly observed form of irregularity is where it gives series 
of beats arranged in groups. These are termed Lucian i’s groups 
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CHAPTER XIV 

DEMONSTRATION OF THE MOVEMENTS OP THE MAMMALIAN HEART. 

THE CARDIOGRAPH 

For the experiment a dog, cat, or rabbit is chosen, anaesthetised with 
ether and morphia, and subsequently curarised by injecting a 
solution of curare into the external jugular vein. Both vagi are 
exposed, and ligatures passed round them through an incision in the 
mid-line of the neck. The trachea is then isolated, and a Y“Shaped 
glass tube tied into its peripheral end. The heart is next exposed by 
cutting through the sternum with bone forceps, keeping to the mid- 
line as far as possible in order to avoid injuring any large blood vessel. 
The thoracic walls are then drawn well apart, so as to thoroughly 
expose the heart lying in the pericardium. 

As soon as the thorax is opened tiie lungs collapse and no longer 
follow the movements of the thoracic wall. The animal would therefore 
soon die of asphyxia, to prevent which it is necessary to supply it 
artificially with air. This is done by rhythmically blowing up the 
lungs through the trachea and then allowing them to collapse. 

There are many forms of apparatus which permit of this. A simple but 
very effective arrangement is shown in fig. 109. A continuous blast of air is 
obtained by the modified Bunsen pump, p. o is connected to a water tap, and 
as the water is forced through the orifice at v, which nearly fills the con- 
stricted neck of the outer receiver, air is drawn in through s. The mixture 
of water and entangled air is collected in the large glass bulb, and the water 
allowed to flow out through c. The supply of air is directed by a piece of 
tubing, A, to the two-way tap t, whence it passes according to the position of 
the tap along b to g, or, as represented in the figure, along the tube Q. to a 
VVoultrs bottle, H, containing some ether or other anaesthetic. It then passes 
from F to G and thus to a coil of lead tubing, k, immersed in hot^ater, so that 
the air is warmed to body temperature. Another piece of tubing connects it 
to a Y-tube, one end of which, n, is tied into the trachea and the other is 
covered with rubber tubing which can be partially compressed by the clip m. 
The blast of air is made intermittent by either fixing a spring clip on l, which 
is then opened and closed by hand, or the same result is automatically effected 
by the arrangement seen at a. This consists of a lever held down by two 
springs so as to compress the tube against the base-board. The lever is 
raised intermittently by an eccentric driven from the shafting. 

The blast of air is moistened in the pumn p. The force of distensioq, of 
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the lungs can be modified in two ways. First by varying the compression of 
the tube at m. The increase in resistance at m raises the pressure at n, and the 
lungs are therefore more distended. The second method is to vary the 
pressure of the blast of air. This is attained by compressing c, an increased 
resistance to the outflow of water leading to a higher pressure of the air. The 
screw clips are so arranged that sufficient distension is obtained with the 
lowest pressure of air. Expiration is brought about by the elastic contraction 
of the lung which drives out the air through the tube m . 

The pericardium is now slit up and its cut edges stitched to the 
thoracic wall on either side. The heart is thus exposed and is attached 
to the recording apparatus, which consists of two levers, l' and L*-*, 
fig. 110, which are moved by two fine cotton threads passing over two 



Fid. 110. — AuUAXCJKMKNT df' LkVKUS KOII ItKCOUIUNtl TIIK Movkmkxts of thk 
Mammalian Hkaht iiy Attvciiix(» Thheaps to thk Auihcle and Ventriclp; 

UEBl'KCTIVELY. 


pulleys, and p*-*. Each thread terminates in a sharp hook, which 
is passed into a small piece of the ventricular and auricular walls 
respectively. If the thread from the auricle does not^pass freely over 
the surface of the ventricle it may be made to glide over a glass rod 
held transversely aboyc the heart, so that the thread is quite free from 
surrounding parts. The magnification of the lever l’ for the ventricle 
is 3-fold ; of the lever l* for the auricle 4-fold. Each lever is loaded 
by weights, wh w‘^, placed near its axis, so as to avoid effects of inertia 
as far as possible. 

The writing levers are brought to the horizontal position ^by 
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adjusting the lengths of the threads and the positions of the pulleys. 
They are then brought to the writing surface and two chronographs 
are arranged to write vertically below them — one to give a seconds time 
tracing, and the other to act as a signal. 

Fig. Ill reproduces a piece of tracing obtained in this way, 
the drum tnoving at a slow rate. The tracing is from a rabbit’s heart, 
the upper given by the auricle, the lower by the ventricle. It gives a 
measure of the amount of contraction of the two parts, and indirectly 



Fia. 111 . — Tracing Outainki> from thk Kawiiit's llK.viiT, EwriiOViNo thk Lkvkrh 

OF Fig. 110 . 


of the force of the contraction, the latter especially if the tension of 
the thread be fairly high. The variations in level of the apices of the 
ordinates are due to the respiratory movements. Each time the lung 
is inflated the base of the heart is a little raised, which slackens the 
thread and the lover descends. 

One vagus is now cut and its peripheral end laid upon a pair of 
electrodes. It is then stimulated a few times and the results recorded. 
Fig. 112 gives the result of a fairly strong current. The stimulus is 
seen to act both on the strength and on the frequency of the beat, and 
to chiefly affect the am ide. Frequency and force are diminished 
both for auricle and ventricle. After cessation of stimulation the ven- 
tricle rapidly regains its previous condition, but the auricle recovers 
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much more slowly ; for a short time the extent of its contraction is 
distinctly less. 

The effect of varying the strength of the stimulus is very marked. 
Weak stimuli primarily affect the auricles, diminishing their rate and 



^Fio. 112. — Result of the Stimulation of the Left Yaoub. 


force, but only secondarily affect the rate of the ventricle. Stronger 
stimuli may inhibit the auricle almost completely, whilst the ventricle 
still beats with its original rate and force. The strongest stimuli jilso 
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afifect the ventricles and inhibit them. The ventricles therefore are 
much less under the influence of the vagus than the auricles. 

The method is of considerable value in that it offers a convenient 
method of observing the direct action of di’ugs upon the heart. As an 
instance of this we may record the effect of an injection of caffeine 
citrate into a vein. The external jugular vein is exposed and the 
injection made in the manner described on p. 181. Fig. 113 sliows the 
result of injecting 1 c.c. of a 4 per cent, solution of caffeine citi’ate in 
1 per cent, sodium chloride solution into tlie external jugular of a cat. 
The solution was previously warmed to body temperature. It is seen 
that there is an almost instantaneous efft‘ct upon both auricle and 



Fig. 113. — Result of the Injection of 1 c.c, of a 4 feu cent. Solution 
OF Caffeine Cithate. Tracing redccko to Half Size. 


ventricle, but more markedly on the auricle. The rate remains prac- 
tically unaltered, but the force is consideraldy diminislied. Afterwards 
there is a gradual recovery, whicli is fairly rapid in the case of the 
ventricle, but slower in the case of the auricle. If the heart be 
watched during ihe action of the drug, it is observed that the right 
auricle becomes greatly distended with blood. If larger doses be 
injected the effect becomes much more pronounced, and soon affects 
the ventricle quite as much as the auricle and in the same direction.* 
The right auricle becomes very distended and its movements greatly 
impeded. With about 5 c.c. of the solution there is very frequently no 
recovery of the beat, and the animal dies. 

The effect of other drugs should also be tested. Digitalin is found 
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CHAPTER XV 

BOME EXFEBIMENTS IN ELECTRO-PHYSIOLOGY 

That animal tissues are of themselves capable of producing currents 
of electricity was first positively proved by Galvani’s experiment of 
contraction without metals, but our earliest accurate knowledge 
relating to these currents is due to Du Bois-Reymond, who first gave 
us measurements of these currents, and taught us how best to study 
them under different conditions. 

If a frog's muscle be excised — choosing one in which the fibres 
run parallel to one another and to the surface of the excised muscle, 
such as the sartorius or semimembranosus — and connected to a 
galvanometer of high resistance by means of a pair of unpolarisable 
electrodes, one being placed at about the centre of the longitudinal 
surface and the other opposite a transverse section of the muscle 
made by cutting across the muscle near one end, Du Bois-Reymond 
showed that a current was produced by the muscle, which passed, in 
an outside circuit, from the longitudinal surface to the transverse 
section, and in the muscle, from transverse section to longitudinal 
surface. It was also shown that if the muscle were tetanised 
the amount of this current underwent a change, and in the direction 
of diminution. Du Bois-Reymond termed the current obtained from 
the resting muscle the natural current or current of rest, and the 
alteration in it produced by stimulation the negative variation. Of 
other workers who have added to our knowledge, Hermann stands 
foremost, and is the author of the opposing view, which has steadily 
gained ground until it is now almost generally accepted, that normal 
muscle is iso-electric at all parts, and that it will onl^ yield a current, 
either when injured at some j^art, or on contraction. If one electrode 
be connected to an injured part and the other to an uninjured, the 
galvanometer will show a current passing from the uninjured to the 
injured part. Or, again, if two iso-electric points be connected to the 
gcdvanometer, and a muscle wave then started along the muscle, 
the galvanometer will show a current passing from the resting part to 
that in contraction. Further, a less injured or less active part is 
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electro-positive to one more injured or more activ^e respectively. 
Perfectly uninjured and resting muscle cannot be experimented upon 
because simple exposure of the muscle causes sufticient injury to set 
up differences in electro-rpotivity. Still that a perfectly normal 
resting muscle is iso-electric is practically certain. The greater the 
care taken in the exposure of the muscle the less are the currents 
obtainable, and the heart, which can be exposed without injury, 
shows no current when at rest. Conversely if a muscle be purposely 
injured it yields a current which is in proportion to the injury ; and 
an injured resting heart also gives a current. 

I. EXPERIMENTS TO SHOW THE EXISTENCE OF THE 

VARIOUS CURRENTS BY PHYSIOLOaiOAL MEANS 

Experinient 1.— Galvani’s experiment of contraction with mecale. Solder 
a piece of copper wire to the end of a piece of zinc wire. The wires should 
be fairly thick and about 6 cm. in length. They may then bo bent round into 
the form of a U. Pith a frog, remove the skin from the back of the thigh and 
dissect ou^ the sciatic. Lift u^i the nerve on the end of one of the wires, and 
with the end of the other touch any part of the frog. At each contact the 
muscles of the leg give a twitch. In the more classical form of the experi- 
ment the vertebral column is cut across just above the sacrum, the whole 
of the abdominal viscera removed and the skin stripped off the logs. The 
urostyle and the muscles attaching it to the ilia iire reinoved so as to 
expose both sciatic plexuses. An s-shapedhook of copper wir(^ is then passed 
round both plexuses, and by this the frog is susjiendful to a clean iron tripod. 
If the tripod be now tilted so that any part of the logs of the frog touches 
the metal a twitch occurs in both legs. 

This was Galvani’s first experiment, which luj brought forward to 
prove the existence of animal electricity, and which led to the cele- 
brated controversy between him and Volta. Volta proved by the 

invention of the voltaic pile — that the contraction was in reality due 
to the current caused by contract between two dissimilar metals. 

Experiment 2.— Galvani’s experiment of contraction without metals. Very 
carefully dissect out a sciatic nerve and gastrocnemius and i>lace it upon a 
clean dry glass plate. Lift up the nerve on a glass rod drawn out into the 
form of a hook and lower the cut end on to the lower en<l of tho muscle. 
With each contact the muscle contracts in response to the stimulus started 
in the nerve by the closure of the current of injury of the muscle. If tho ex- 
periment does not at once succeed, injure the lower end of tho muscle by 
touching it with aJ»hot glass rod or wire and then repeat tho experiment. 

This is the crucial experiment which definitely proved that part of 
Galvani’s views as to the existence of animal currents. 

Experiment 3.— Xilhne’s experiment of contraction withont metals. Placo 
a clean glass plate so that it projects about «me inch over tho edge of the 
table. Make two rolls of china clay moistened with normal saline and place 
then parallel to each other, so that they project beyond the edge of the 
glass plate, and turn down the projecting ends till they hang below the 

^ t o 
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plate (fig. 116). Make a nerve muscle preparation — the sciatic nerve and 
the whole of the leg below the knee — and place the cut end of the nerve on 
one clay pad and the middle of the nerve on the other. Great care must be 
taken of the nerve during its preparation. Place a little normal saline in 
a watch glass and lift this up imtil both clay pads touch the fluid. At the 
contact the leg muscles give a twitch, due to the closure of the current of 
injury of the nerve. 


Fig. 117. — Ahiiangemknt of Apparatus 

FOR SHOWING SECONDARY CONTRACTION. 

t 

Experiment 4. — Secondary contraction. Dissect out two nerve-muscle 
preparations and place them on a dry glass plate. Lift up the nerve of one, 
B, iig. 117, and place it in a loop over the muscle of the other preparation, a. 
Lay the nerve of a over a pair of electrodes, e, in connection with a Du Bois 
key, K, in a secondary circuit. Close k and connect a battery to the primary 
coil for tetanising currents. Open the key k and the preparation a passes 
into tetanus. It is also found that b is thrown into tetanus. On closing k 
the tetanus of n ceases. 

This experiment is of considerable importance on several accounts. 
In the first place we can show by physiological means the existence 
of a current of injury in the muscle of a, for if the nerve of B be 
sensitive and it is laid across the muscle of a and then its cut end 
dropped on to some other point of a, at the contact the muscle of b 
contracts stimulated by the closure of the current of injury of a. In 
the second place it directly demonstrates the ‘ negative variation * or 
current of action of a, for it is due to the production of this current 
that the muscle b is stimulated when a is indirectly tetanised. In the 
third place it teaches us one very important fact with regard to the 
nature of the physical events occumng in A while it is being tetanised. 
This results from observing that b passes into tetanus when a is 
tetanised ; and as a muscle does not contract during the time that a 
constant current is passing through it, but only on make and break, 
it follows that the current of action of a must be intermittent. Hence 
although the change of length of a may remain constant, one at least 
of the physical factors accompanying that contraction is intermittent. 
By other methods it has been shown that the rate of oscillation of the 
current of action of a is the same as that of the excitation! 



Fkj. H(i.— KiniNE’s Experiment of Con- 

TUACTKJN WITHOUT MeTAUK. 
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By a somewhat similar experiment one muscle may be directly 
stimulated by the current of action of another. Thus if two sartorius 
preparations be made from a curarised frog and the one muscle 
pressed tightly against the other, so that at each end one of the 
muscles projects a little, tetanisation of one muscle at its uncovered 
end leads to a tetanus of the second. 

Experiment 6. — Show the current of action of the heart by excising the 
whole heart, and having nearly emptied it of blood by touching it with dry 
blotting-paper, injure the apex of the ventricle and then place it on a 
thoroughly dried glass plate. Dissect out a sciatic very carefuUy and with 
the leg still attached place it on the heart, so that it crosses the base of the 
ventricle and its cut end lies on the inj'iired spot at the apex of the heart. 
With each contraction of the heart the musclcH of the log give a single 
twitch, being stimulated by the current of action of the heart. 

Apply a Stannius ligature to the heart, which is thus brought to a stand- 
still. With each mechanical stimulation the ventricle gives a beat and its 
current of action leads to a twitch of the leg niusclos. 


II. EX/ fM INATION OF THE DIFFERENT CURRENTS BY 
MEANS OF THE REFLECTING GALVANOMETER 

The galvanometer employed for this purpose consists of a pair of 
suspended magnets which are made very nearly astatic, each being 
surrounded by a coil consisting of very many turns of fine insulated 
wire. 



Galvanometer. Sliuiit. um) Scale. 


Fig. 118. — Side View of Galvaxo.meteii ani> Shunt, Lamp and Scale 

The galvanometer and scale are placed east and we^t, and Mp()e;tr as if viewed b3' an observer 
standing on the north side and looking wnith ; the f»alh of light is inditNited by dotted linos. The 
essential parts concealed by the galvanometer cose are diagruuimatically given in flg. 110. (Wilder.) 

The twp coils are connected up so that the current is sent clock- 
wise^ through one coil, and anti-clockwise through the other (see 
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fig. 119). The resistance of such a galvanometer is very high, from 
10,000 to 20,000 ohms, and therefore tends to weaken the current. 
This does not matter, however, when we are studying the current 
yielded by a piece of tissue whose resistance is very high, and are 
employing uiipolarisable electrodes whose resistance is also very 
great. Attached to the upper magnet is a light mirror by means of 
which a beam of light is reflected, and thus any rotation of the 
magnet and attached mirror is detected by the movement of the 
reflected beam. 

The galvanometer is set up so that the mirror faces to the west, 
and the magnets and coils therefore lie in the magnetic meridian. 

The coil is provided with a shunt by means 
of which we can vary the amount of the 
current allowed to pass through the gal- 
vanometer when we are dealing with rela- 
tively large currents. This consists of three 
resistances of ^th, }/„th, and 5 ,^{,tii of the 
resistance of the galvanometer, and is con- 
nected up in parallel with the galvanometer, 
i,e, as a deriving circuit. By means of a plug 
we can utilise cither of the three resistances, 
or by leaving out the plug send the whole 
current through the galvanometer. If the 
plug b(^ inserted so that the resistance of 
Jth is in parallel with the galvanometer 
then the current is divided, 1 part passing 
through the galvanometer and 9 parts 
through the shunt, i.c. i\,th of the total cur- 
rent is sent through the galvanometer. 
Similarly by means of the other resistances 
we can send r/joth or lo'oofh of the cur- 
rent through the galvanometer. The shunt 
is further provided with a short-circuiting 
key, so that all the current can be sent 
through the shunt and none aUowed to 
through the galvanonSeter. 

wost, ill the fioHltum of tlie To obsei-ve the movements of the needle 

lamp in flg. 118. (Waller.) - i 

a source of light is condensed on to a 
narrow vortical slit, and the light from this is collected by a pro- 
jecting lens and then thrown on to the mirror of the galvano- 
meter, and so from this on to the scale (see fig. 118), where it is 
focussed sharply by adjusting the position of the projecting lens. 

First determine the nature of the deflection by sending a small 
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current of known direction through the galvanometer. For this 
purpose arrange the shunt to send i'he current through the 

galvanometer and take a small battery made of a zinc and copper 
wire with wires soldered to them, passing through a cork, and dipping 
into some weak sulphuric acid in a small tube. The short-circuiting 
key of the shunt is closed, and then the leads are connected to the 
galvanometer. On opening the short circuit the spot of light is 
immediately deflected to one side, because the two wires form a little 
battery of which the copper is the positive pole and the zinc the 
negative. Note which galvanometer terminal is connected to the 
copper wire ; you will then know that if in the experiment a dotieotion 
occur in the same direction the current causing it enters at that same 
terminal. Let us suppose that when the spot of light is deflected 
to the north, the north terminal of the galvanometer is connected 
with the copper wire, and is therefore positive. 

A pair of unpolarisable electrodes are now prepared and tested to 
show thj^t they are iso-electric by connecting them to the galvano- 
meter and bringing the two clay guards in contact, wlien no deflection 
must occur. If there be a slight deflection the electrodes may often 
be rendered iso-electric by connecting their two terminals with a 
stout copper wire and then placing the two clay guards in contact, 
leaving them so for some hours. If much deflection he caused it is 
better to remake the electrodes. 

Now make a semimembranosus and gracilis preparation, taking 
great care to injure it as little as possible. Place this across the 
unpolarisable electrodes, so that the centre rests on one electrode and 
the lower end upon the other. Open the key of the galvanometer 
and observe if any deflection he produced. Tt will usually be but slight, 
and in such direction to show that the tihial end is electro-negative 
to the equator. Now remove the muscle and injure tlie tibial end by 
touching it with a hot wire. Replace the muscle on the electrodes 
and again open the short-circuiting key of the galvanometer. A 
deflection is now obtained in such direction as to show that the 
injured end is negative to the non-injured surface. This is the 
current of iiyury. Next apply a pjiir of electrodes to the upper end 
of the muscle •and tetanise it. The galvanometer swings in the 
reverse direction and may nearly reach the zero of the scale. This is 
the current of action, and its direction show's that the injured end 
has become less electro-negative relatively to the centre of the 
muscle. 

It is further to be observed that the diminution of current persists 
throughout the whole time the muscle is tetanically contracted, though, 
as previously found (p. 148), the current of action is of an alternating 
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character. This is because the galvanometer cannot respond to the 
rapid alternations, the inertia of the magnets being too great, and it 
therefore only gives a constant deflection proportional to the mean 
value of the alternations. 

The production of this current proves that a part of a muscle 
which is contracting is electro-negative to one which is at rest or in 
a less degree of contraction. The injured part contracts less forcibly 
than the non-injured, and it is because the injured part does not 
respond so well to stimuli that its negativity remains practically 
constant, whilst the negativity of the central active part becomes 
greater relatively to its previous state. 


MEASUREMENTS OF POTENTLAL 

The method adopted by Du Bois-Reymond for measuring the 
E.M.P. of an animal current was that of compensation, in which the 
current through the galvanometer is balanced by a fractional part of a 
constant current of known E.M.F. sent through the galvanometer in 
the reverse direction. The principle of the method is illustrated by 
fig. 120. A Daniell battery is connected to the two ends of a long 
platinum wire, a o, a commutator, k, being interposed so that the direc- 
tion of the current through 
the wire can be reversed. 
The current to be measured 
is sent through the gal- 
vanometer and a part of 
the platinum wire, viz. A b, 
the connection at b being 
movable. The muscle 
current in the arrangement 
of the figure passes from a 
to B, and the Daniell current 
is, by placing the commu- 
tator in the proper position, 
directed from B to A. A posi- 
tion of B is f now sought at 
which the galvanometer 
remains undeflected, when it follows that the branch circuit from 
the Daniell through the galvanometer is equal to the muscle current, 
and consequently that the E.M.F. betw^een b and a due to the Daniell 
is equal to the E.M.F. of the muscle current. 

With the high external resistance the difference of potential 
between a and c is practically that of the Daniell cell ; and as the we 



Fig. 120.— Plan of Du Bois Rky.m()xi)’s Method 

OF MEA8URINO THE MirSCLE CuiiltENTS. 
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A c is uniform the fall of potential is regular, and therefore the E.M.F. 
between a and b is — • E, where E is the E.M.F. of the Daniell. 

AC 

In any particular experiment the position of b will be found to lie 
quite close to a, so that the ratio of — is somewhere about *03. 

AC 

At times instead of using a simple wire, a c, for this purpose, tw^o 
variable resistances are employed : one a low resistance representing 
A B, the other a higher resistance representing b c : but the principle 
is just the same as for the wire. 

For another method of measuring the E.M.F. see p. 155. 

EXAMINATION OF THE HEART CURRENTS 

(1) Pith a frog, expose its heart, and apply the Stannius liga- 
ture. Roll out the clay pads of the electrodes to sharp points and 
apply o^e to the base of the heart, the other to the apex. On opening 
the key of the shunt no deflection occurs. The resting heart is there- 
fore iso-electric. Remove the apex electrode, and injure the apex by 
touching it with a hot wire, then replace the electrode. On opening 
the key there is now a deflection which shows the injured spot nega- 
tive to the base or any other non-in jured part. Sliinulato the heart 
mechanically near the base. With each contraction thus caused, 
there is a diminution of the deflection of the galvanometer. There- 
fore the base becomes negative to the apex. This is the current of 
action of the heart. 

(2) A freshly excised heart is taken and most of the blood 
removed by soaking it up with filter paper. It is then laid across the 
electrodes, one touching the base, the other the apex. With each 
spontaneous beat of the heart there is a deflection of the galvanometer. 
This is found to be in such a direction as to show base becoming 
negative to apex. 

On a beating heart exposed in situ it has been shown by the 
capillary electrometer that the electromotive changes with each beat 
are diphasic in character. It is found that first the base becomes 
negative to the^pex and then the apex to the base. If the apex be 
injured it then becomes monophasic, base negative to apex with each 
beat. The injured part docs not contact normally, and therefore does 
not become as negative as the non -injured during its contraction. 

If the base be injured then its potential remains unaltered and 
apex becomes negative to base with each beat. It was in order to 
render the change monophasic that the apex was injured in the 
precedingf experiment (1). 
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THE OAPIL.LABY EI.BOTROMETER 

The capillary electrometer consists of a piece of glass tubing with its end 
drawn out to a fine capillary of an internal diameter of about 80 /x. This is 
filled with mercury and then immersed in diluted sulphuric acid (1 part to 
6 of water) contained in a second tube, in the bottom of which is some 
mercury which serves by a platinum wire fused in the glass to make 
contact with the acid. The mercury in the upper tube is connected by a 



Fio. 121.— Ijippmann’s GapilIm\ry Electhometek. 


1. Pressure upiuinitus and luiorosfoiv, on tho sttuid of whicli tlio cMiplllary tube is flxsd. 

2. Capillary tube dippiiiK into ii^SO^ in u tnirronii<liiiK tnlM*, nnd in eoiuicction with pressure 
apparatus (the lueroury in the lower jnirt of tlic surrounding tube serves only to establish coimcctiou 
with tho platinum wire). 

3. Tho oapillary tulio and column of msrcury os seen in tho field of tfre microscope. (.Scale 
in mm.) (Waller.) 

second platinum wire which forms the other electrode. The changes of 
position of the mercury surface in the capillary are watched under a micro* 
scope. Tho upper tube is connected by stout rubber tubing to the lower of 
two reservoirs containing mercury, by tiering the relative heights of which 
pressure can be exerted upon the surface of the mercury. With a constant 
pressure the mercury in the capillary is brought to a certain position in 
which the capillarity is exactly balanced by the pressure. If a current,be 



THE CAPILLARY ELECTROMETER 


155 


now sent through the capillary it is found that the mercury moves in the 
direction of the current. This movement is due to the altered surface 
tension brought about by the current. Thus supposing the current passes 
along the capillary from mercury to acid, the surface tension falls and the 
mercury moves down the tube. If the current travel from acid to mercury 
the surface tension rises, and the mercury moves up the tube until a new 
position is found in which the external pressure is again balanced by the 
capillarity. By increasing the pressure on the surface of the mercury the 
mercury may be again driven down the tube till the original position is once 
more reached. The difference in level of the mercury in the pressure apparatus 
is a measure of the capillarity, and therefore of the diderence of potential. By 
measuring the pressure when the position of the mercury in the capillary is 
brought back to its initial position while n. current is still xtassing through it, 
the instrument may be graduated and can then be directly used as a measurer 
of small currents. Its great advantage lies in that its electrical capacity is 
very small, and it can thus show very rapid changes of potential. There is 
no latency with the instrument and no aftor-nscillation. 

It is to bo noted that this instrument measures electrical pressure, i.e, 
potential, whereas the galvanometer is a current-measurer. 

Experiment 6. — Employ the capillary electronietoi* for the follow- 
ing experiment. Pith a frog, excise its heart and place it on a pair 
of unpolarisable electrodes with the apex on one electrode and the 
base on the other. 




Pio. 122 . — Fkog’k Heaut. Bii'Iiahic Variation. 


Si null till uxMia pliotogram of n siiipl<r luat (blark lino) aininf aoioinpiinying r>1(v;frioal oliiuigo, 
iiidicAtcil hy the level of tin* blaok an*!!, whic h sIiowk tIh- varjiiig level of tiien:iiry in a oa|iillary 
eiectnmii'ter. The base of tljc veiitrielc im coiine«*t«!*i witl» the inereury. i. First pliUHe, base 
negative to aivx. il, St^wnil phase, apex iM”.^ativc! to bJUM*. (Walle r.) 

• 

To prevent the contact between electrodes and heart shifting during 
the beats the connection between each electrode and heart should be 
made by' a thread moistened in normal saline. The electrodes are con- 
nected to the electrometer through a Du Bois key, so that the electro- 
meter can be short-circuited at any time. 

If the mercury be watched it will be found to move with each beat 
of .the heart. 
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Instead of watching the changes with a heart beating sponta- 
neously, the effect of a single beat may be observed by first applying 
the Stannius ligature and then mechanically stimulating the ventricle. 
With each contraction the mercury will move so as to show that 
the part stimulated becomes first negative and then positive to the 
other part. 

Examine the arrangement of a second electrometer which is fitted 
up to record the movement of the mercury meniscus photographically. 
The capillary is brightly illuminated in a projecting lantern and 
placed in front of a projecting lens by means of which a vertical image 
of the mercury is thrown on to a vertical slit, part of which it covers. 
A photographic plate is moved by clockwork behind the slit, and so 
records the vertical movements of the mercury meniscus. 

The result of such an experiment is given in fig. 122. It shows 
that the electrical variation occurring in a single contraction of the 
uninjured heart is diphasic in character. In the first phase (i, fig. 
122) the base was negative to the apex ; in the second phase, i^i, apex 
was negative to base. 


Experiment 7. — Paradoxical contraction. Pith a frog and expose the 
sciatio nerve, which at its lower end will be found to split into two branches : 
one, the tibial nerve, supplies the gastrocnemius, and the other, the pero- 
neal nerve, supplies the peroneal 
muscles. Follow the peroneal 
nerve a little way down the leg 
and cut it through. In this way 
is obtained a piece of the sciatic, 
A n (fig. 123), with the upper ends 
of its two main branches, one, b c, 
running to the gastrocnemius, a, the 
otlier, B 1), the isolated piece of the 
peroneal. Place a pair of electrodes 
connected with the secondary coil 
under b i>. With each shock sent 
Fio. 123.— Aukanoemknt ok Aitahatus to through bd the gastrocnemius con- 

HIIUW TllK PaIIADOXICAI. CoNTBACTlOS. tractS. 



This result is due to a part of the electrotonic current set up in 
the peroneal nerve passing through the fibres to the gastrocnemius as 
they lie side by side in the sciatic, AB. It is not due to an escape of 
the current because the result is prevented by tying a ligature roimd 
the peroneal immediately above the electrodes sufficiently tightly to 
injure the fibres without, however, cutting through the nerve, which 
could therefore still act as an electrical conductor and permit escape 
of current. Moreover the contraction is not due to the negative 
variation sent along the peroneal fibres as a result of the stimulation, 
because it is not produced when the peroneal nerve is stimulated 
mechanically. ' ^ 
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CHAPTEK XVI 

SCHEMA OP THE CIRCULATION. THE 6PHYOMOORAPH 

The flow of the blood through the arteries, capillaries, and veins 
follows the laws which govern the flow of any fluid through a system 
of tubes, so that we are able to illustrate many of the foaoures of 
the blood flow upon an artificial arrangement cf tubes drawn up in 
imitation of the circulation. Such an artificial system is known as a 
Schema of the circulation. On examining the conditions of flow 
in the iJkood vessels, we find that if we expose an artery it feels hard 
and distended to the touch, and that synchronously with each heart 
beat it swells and becomes harder. If we cut into an artery the 
blood spurts out with considerable force whicli carries it to some 
distance, and in addition the outflow is of variable rate, for with each 
beat of the heart the flow is markedly accelerated. To stop the flow 
it is necessary either to tie or compress the vessel at some point 
nearer to the heart than the orifice which has l)een made into it. If, 
on the other hand, we lay bare a vein, it is found to bo collapsed and 
very readily compressed, and when its cavity is completely oblite- 
rated by compression it swells up on the side farthest from the heart. 
If we cut into a vein the blood flows from it at a good rate, but with 
slight force and in a constant stream, and to stop this flow it is 
necessary to tie the vein at any point of the vessel further from the 
heart than the incision. There are thus many great differences in 
the characters of the flow from an artery and vein respectively. This 
change in the nature of the flow is brought about either at the com- 
mencement of the capillaries or in the small terminal arteries, for if 
we examine thg capillaries in a living animal under a microscope, the 
flow is found to be constant and not alternately fa.st and slow. As 
arteries subdivide, though each branch may be much smaller than the 
main trunk, yet the total transverse sectional area is invariably found 
to be greater than that of the main artery. Again, when we pass 
from the small arteries to the capillaries, though each capillary is of 
very small sectional area, their number is so immense that their total 
sectional' area is many hundred times greater than that of the arteries 
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from which they have sprung. In examining the flow of a fluid 
along a tube, it is found that the resistance offered to the flow 
becomes progressively greater as the diameter of the tube along whic];L 
it is forced is diminished. The resistance of the system of capillaries 
and minute arteries must therefore be very great, and this high peri- 
pheral resistance explains many of the important facts that we know 
of the distribution and flow of the blood in the various parts of the 
body. 

Other important points for us to note at the commencement of 
our study of the physical characters of the circulation are : (a) that 
the arterial walls are highly elastic, and (b) that the source of the 
energy required to propel the blood through the vessels is the 
rhythmic contraction of the heart. 

By imitating these three features of the circulation in an arti- 
ficial schema, we can reproduce and study many of the important 



phenomena presented to us by the circulation. Thus in the schema 
shown in fig. 124 the heart is represented by the enema syringe s, 
which is provided >vith two valves, v* and v’-*, which permit the flow 
of the fluid from v® to v*, but not in the reverse direction. The 
arterial system is represented by the rubber-tubing v* t, upon the 
course of which two manometers, m‘ and M*, are inserted. The mano- 
meter consists essentially of a U'tube held in a vertical position. 
The bend of the U is filled with mercury, and one limb which remains 
open to the air carries a light float which rests on the upper surface 
of the mercury and accurately follows its movements. The upper 
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end of the float is provided with a horizontal arm acting as a writing 
point, and thus the variations in the level of the sui*faoe of mercury 
can be recorded upon a moving surface. The other limb of the (J is 
placed in communication with the interior of the tube T by means of 
a glass X -piece. One of these manometers is placed on the tubing t 
near to the syringe s, the other at the end of the tubing, which termi- 
nates in two branches, one passing through a short piece of tubing 
which can be blocked by tlie screw clamp c ; the other passes to a 
piece of glass tubing, a, whose centre is tightly packed with glass 
wool. The two branches then reunite and are connected to a third 
manometer, m^, which latter is in its turn connected to the syringe s 
by the rubber-tube d. This last piece of tubing is of wider bore and 
its walls are thin so that it may represent the veins. In using the 
apparatus the three manometers are arranged to write thei: move- 
ments vertically over each other on a recording surface. By this 
apparatus we are able to study the changes in pressure as we vary 
the conditions of the experiment. 

Experiment i. — First till the schema witli water by disconnecting at 
V* and placing both orifices under water. I^y pumping the syringe, water is 
then driven through the tubes until all the air is displaced. The tube n is 
then compressed and a little more water forced in until the level of the 
mercury in the free limbs of the manometers lies about ^2 cms. above that 
of the other limb. The tube n is then reconnected to tlie syringe. The 
experiment may now be carried out in the following way : (a) Leave the 
clip c open, when we shall be studying the flow along a closed system of 
elastic tubes of wide bore and consequently ofl’criiig but little resistance at 
each point. Now imitate the beating of the heart by rhythzriically com- 
pressing the syringe s, at first slowly and then gradually increasing the 
rate of the rhythm. 

On studying the tracings obtained the following points can bo 
made out : — 

(1) The manometer m* begins to rise a little earlier than the 
manometer m*-*, but later than the instant at which more fluid is forced 
into the tube from the syringe. 

(2) The amplitude of the movement of the second manometer is 
rather less than that of the first. 

(3) The movements of the third manometer m"* are practically the 
same as those pf the other two. 

(4) There is no marked permanent excess of pressure at any 
point of the system over that at any other point. 

(5) The effect of the filling (the diastole) of the syringe varies 
according to the rate at which it is allowed to fill. If the syringe be 
thick-walled so that it possesses considerable elastic recoil, as soon as 
it is let free it rapidly dilates and sucks in fluid from the tube d, thus 
setting u^ a lower pressure in that tube, which diminution of pressure 
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travels as a negative wave backwards along the system, affecting first 
the manometer and later and The effect upon the mano- 
meters is greater the thicker the walls of the tube d, and may be 
made quite small by increasing the length of that tube add diminish- 
ing its thickness. It is also decreased by choosing a syringe which 
does not dilate rapidly. 

In this part of the experiment practically the whole of the fluid 
travels through the piece of wide tubing c. 

(6) In the second half of the experiment, vary the conditions by inter- 
posing a high resistance to the flow at one point. This is attained by closing 
the tube o by the clip, when the whole of the fluid must then pass through 
the glass tube o, which being packed tightly with glass-wool divides up the 
stream into a great number of minute channels, resembling capUlaries, and 
thus offers a great resistance to the flow. As before, pump fluid through the 
system, when the following results will be obtained : — 

(1) With each systole of the synnge the manometers and m® 
will record a rise of pressure as in the former case, but this sudden 
rise will be absent from the record of manometer m®. 

(2) By the diastole the manometer M-* will alone be affected. 

(3) If only one emptying of the syringe be carried out after the 
oscillations have ceased, the manometers m* and m* stand at a higher 
level than m®, and only slowly fall, while m® rises until the pressure 
is once more uniformly distributed. 

(4) If, before the pressure becomes thus equalised, the syringe be 
once more emptied, the manometers m* and m'^ record a further rise 
of pressure, i,e, a summation of effect has taken place, which is further 
increased by a third emptying of the syringe, and so on. 

(6) If the emptying of the syringe be continued at a definite rate, 
at last a condition is reached at which the pressures recorded in the 
arterial manometers m' and instead of continuing to rise, oscillate 
about a mean pressure. The maintenance of pressure at a mean 
height means that this pressure is just sufficient to force out through 
the peripheral resistance during the time of one complete cycle 
exactly the same volume of fluid as is emptied into the arterial tube 
at each contraction of the syringe. If the movements of during 
this time be next studied, it is found that the only sudden variations 
are the negative waves caused by the active recoil of. the syringe as 
it returns to its original shape. These rhythmic diminutions in 
pressure do not travel through the high resistance at o, and there- 
fore do not make themselves felt in the other two manometers. If 
the emptying of the syringe be repeated suflSciently rapidly, it is 
found that the mean pressure recorded by the third manometer falls 
below zero pressure, and takes a negative value. If the movements 
of the third manometer be not too much masked by these '‘negative 
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waves, it is found that the pressure in that part of the system shows 
a gradual and uniform rise after the filling of the syringe, or, in other 
words, the outflow through the high peripheral resistance is uniform, 
though the inflow into the arterial tube t is intermittent. 

It is while working in this latter manner that the schema very 
closely reproduces the conditions as found in the circulatory system 
during life. The rhythmic emptying of the syringe into the elastic 
tube T, which is filled with fluid exerting a high pressure upon its 
walls, reproduces the emptying of the left ventricle into the over- 
distended and elastic aorta. The relative distHbiition of the fluid is 
the same in both cases, the arterial tube of the schema being over- 
filled, and its elastic walls stretched, whereas on the venous side the 
reverse is the case. The most important particular, however, in 
which the schema reproduces the conditions found in the circulatory 
mechanism is the conversion of an intermittent flow at the coinmence- 
ment of the arterial tube into a continuous flow through the venous 
tube. The two factors which lead to this result are : — 

(1) The existence of a high peripheral resistance ; for when that 
resistance was absent, i.e, when the tube c was open, thts flow through 
the venous tube was intermittent ; and 

(2) The elasticity of the walls of tin? arterial tulu} t. 

The influence of the latter can be best exemplified l)y considering 
what would happen if the tube were ieplace.d by one whose walls 
were rigid. In such a case, as the fluid is incompressible and the 
tube, being rigid, cannot be expanded to liohl a larger volume, any 
fluid forced into the commencement of the tube nec(».ssitates the 
ejection of exactly the same volume of fluid from the opposite end at 
exactly the same instant. Hence, if the inflow to such a tul)e be 
intermittent the outflow must also be intermittent. 

There is another point of view from which we may advantageously 
consider the flow of fluid in the schema, namely, by studying thes 
amount of work and the way in which it is api)lied in setting up the 
flow, and on the other hand the utilisation of that store of energy. 
The source of energy is the pumping of the syringe : the loss is 
caused by the friction the fluid encounters in its flow both against 
the walls of th% tubes and at successive layers within the fluid itself 
where it is moving at different velocities. 

We may, for our present purpose, leave out of account the modifi- 
cations caused by gravity, for as the fluid is ultimately returned to 
the same level, they on the whole counterbalance one another. 
The energy of each emptying of the syringe is at once transferred to 
the fluid, and is there represented by the velocity imparted to it, and 
by the pressure set up in it. As soon as the fluid is forced into the 
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elastic tube some of the energy is at once imparted to the tube wall 
and is represented by the stretching of the wall, which, being elastic, 
can .recoil and thus re-impart its store of energy to the fluid from 
which it received it. This is the most important factor explaining 
the conversion of the intermittent flow from the syringe into a con- 
stant flow through the high resistance a ; for though the original 
source of energy is intermittent in its action, the recoil of the tube 
wall is constant and lasts as long as the tube is kept over-distended. 
The elastic wall therefore acts as a means of temporarily storing 
the energy produced by each forcible emptying of the syringe and 
subsequently yielding it up again, not as a sudden discharge analogous 
to the manner in which it received that energy, but as a steady 
delivery extending over some time. 

There is a further phenomenon of the circulation which we can 
also study upon the schema, namely, the pulse wave. At each 
emptying of the syringe the fluid ejected at first only produces a 
distension of the first part pf the arterial tube, and as a consequence 
that part is at a higher tension than that of the piece of tube 
immediately following. It therefore contracts and forces some of its 
contents into the next piece of tubing, which in its turn becomes 
more stretched than the piece next following, and therefore contracts, 
and so the series of phenomena are repeated along the whole tube. 
Thus a wave of distension and contraction passes along the tube, 
which wave is known as a pulse wave. As the pulse wave is in 
reality a wave of pressure we can study it by recording the changes 
in pressure at two points on the tube by means of manometers, as in 
the previous experiment, or we can examine it by recording the 
changes in the transverse diameter of the tube at two different points, 
which is, of course, but another way of recording changes of pressure, 
for the tube is distended in proportion to the pressure of the fluid 
within it. We will employ this latter method, for it is the one 
ordinarily employed in recording the pulse wave in man. 

Experiment 2. — For this purpose we may modify the apparatus of fig. 
124 by omitting the manometers and in their place pass the tube over two 
grooved metal supports, a and b, fig. 125, firmly fixed to collars held upon a 
vertical bar. Attached to the two collars are recording levers l^, which 
are moved by two light vertical rods with grooved pads, e and F, at their 
ends where they rest upon the tube. In this way an increase of the diameter 
of the tube is recorded as a rise of the writing lever. Adjust the two points 
to write vertically over one another, and record the movements of the two 
levers caused by a single compression of the syringe, and secondly by a 
series of regularly repeated compressions. 

In such an experiment it is found that there is an appreciable 
time interval between the instants at which the tube begins fo expand 
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at the two points, and by a measurement of this time (t sees.) and of 
the distance between the two points {I oms.) the velocity of the wave 

is at once given in cms. per sec. by the quotient ~ . To determine the 

if 

wave length we must divide its velocity by the total time taken for 
the wave to pass any one point. 

Note that in the two tracings the amplitude of the tracing re<3orded 
by the lever nearer the syringe is greater than that of the second 
tracing, which means that the pressure at the second point does not 
reach so high a value as at the first, some of the energy remaining 
stored up in the preceding portions of the tube. 

In the later portions of the two recorded waves Heconda»'y waves 
are seen, which are due to the reflection of the primary wave from 



Fig. 126. — Apparatus fob Studying the Passage ok a Pulse Wave along 
AN Elastic Tude. 


the end of the tube, where it impinges on the peripheral resistance. 
Note that these waves occur at an earlier stage in the second tracing 
than in the first. In addition to these, other waves are sometimes 
seen in the early part of the descending portions of the two tracings, 
which are due to the elastic vibrations of the tube. 

• Alterations in the characters of the wave, according to the initial 
pressure of the fluid in the tube, should also be examined. As we 
wish to study only a single wave, our object can be best gained by 
compressing the tube beyond the peripheral resistance, so that no 
fluid can escape. After each compression of the syringe the pressure 
of the fluid in the tube then remains permanently raised, and we may 
thus record a series of waves at gradually increasing pressures. It 
is found that as the pressure is raised the velocity of the pulse wave 
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is greatly increased, and so, too, is the wave length. Moreover, as 
the velocity increases, the secondary ivaves, due to reflection at the 
peripheral resistance, occur at an earlier point upon the descending 
part of the record. 

Prom a consideration of the pulse wave as studied in a schema, 
we may now pass to an examination of the pulse as occurring in an 
artery during life. The instruments by which this is effected are 
termed sphygmographs, and their aim is to record changes in diameter 
of the artery with each heart beat. These changes in diameter are 
due to changes of the pressure of the blood in the artery, and con- 
sequently in taking a pulse tracing we are in reality recording the 
variations of blood pressure in that artery. 

Experiment 3. — Take a pulse tracing by means of Marey’s Sphyg- 
mograph, fig. 126. 


It consiHis of a recording lever which writes on a blackened surface moved 
by clockwork. Fig. 127 shows the principle of the instrument. It is supported 



Fio. 126. — Marky’s SPHYOMO(niAPii. 



Fig. 127. — Diaorau to Show the Abbamoemert of the Levers in 
Marey’s Sphtghoobapb. 


upon the arm by two runners, between which lies a button, K, placed at the 
end of a spring, The button is placed over the radial artery at the wrist. 
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and its pressure on the artery is modified by the screw f or by an eccentric 
as in fig. 126. On the upper surface of the spring rests the end of a screw, 
p, which carries a small lever terminating in an upright with a knife-edge, b. 
The knife-edge comes into contact with the recording lever l at a point very 
close to its axis and on the metal piece a. This metal piece is not connected 
to the screw g p. The lever is kept in contact with the knife-edge by a weak 
spring, s'. By turning the screw a the knife-edge is raised or lowered, and 
so the lever l is adjusted to record its movements on the recording surface. 

In fig. 128 is reproduced a tracing obtained by this method. Each 
unit is seen to consist of a rapid ascent followed by a more gradual 



Fiq. 128.— Sphyomooram Takkn iiy Mahky’h SpiivoMottuAPii. a b, tiik Fuimauy 
Wave ; c, the Dicuotic Notch ; d, the Dicuotic Wave ; ani> <*, Poht-Diciiotic 
Wave. 

descent. The ascent in a normal tracing is unl)i-ok(Mi. In the 
descent is seen one conspicuous break in the curve at c\ T!iis is the 
dicrotic notch. The descent from h to c shows one slight break just 
above c : this is the pre-dicrotic wave. The descent from d toe shows 
one or two further waves : these are the post-dicrotic weaves. The 
tnain wave from a to ^ is termed the primaiy or percussion wave. 

The record is one of the changes of transverse* diameter of the 
artery, though it is complicated by the fact that the artery is 
accompanied by veins, and the state of distension of these* can exert 
an effect upon the tracing. By comparison of the pulse tracing of 
an animal with a simultaneously taken record of the intra- ventricular 
and aortic pressures the meaning of the different parts has been 
elucidated. The sudden rise of the lever from a to h is duo to the 
sudden forcing of a fresh quantity of blood by the heart into the 
elastic aorta. This produces a sudden rise of pressure and distension 
of the aorta, w^jich is then propagated as a wave of distension over 
the whole arterial system. The dicrotic notch is immediately 
preceded by the closure of the semi-lunar valves. The dicrotic wave 
is therefore a secondary wave produced by reflexion from the surface 
of the valves. The pre-dicrotic and post-dicrotic waves are waves 
of oscillation produced in the elastic arterial wall. They are more 
conspicuous in pulse tracings taken from -persons in whom the blood 
pressure is high. 
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Experiment 4. — Take another tracing of the movements of the radial 
artery by means of Budireon'e Bpliyffmoffrapb (fig. 129). The form repre- 
sented in this figure is a modification of the originiJ pattern due to Richard- 
son. A strip of paper blackened on its upper surface is carried under the 
writing lever by two revolving rollers, the upper one of which is furnished 
with a series of sharp edges which record lines 2 mm. apart upon the 
blackened paper. These edges are interrupted so that the horizontal lines 



Fm. 129 . — Hichaivdbon’s Modification of Dudgeon’s Sphyomoghaph. 


are broken, and the clockwork is so made that each break follows the precede 
ing break after a distance of 2 mm. ^ 

The arrangement of the levers in Dudgeon’s sphygmograph is diagram- 

matioally represented in fig. 130. p is a 
little metal pad which rests upon the^ artery 
and which follows the changes of its dia- 
meter. It is kept in contact with the skin 
by aid of a small weight, w, which slides 
along a rod, k l, pivoted at K. By varying the 
position of the weight the pressure exerted 
upon the artery can be altered at pleasure. 
A bent brass lever, c b a, rotates round an 
axis at b. Its short arm b a passes through 
a hole bored in the upright of the pad p. 
Fio. 180.— Pi^ OP THE Levehs Any movement of p is therefore commtuu- 



IN Dudgeon’s Sphygmogiiafh. 


cated to b a, and therefore to c, where it is 
magnified about five times, because the long 
arm b o of the bent lever is about five times that of the short one. A second 
lever, d c f, rotates round an axis at d and has attached to it at f a writing 
style, F o. It passes through a ring terminal ate and is kept' in contact with 
c by the counterpoise e. The movement at c is therefore communicated to 
D P and magnified at f about five times because d f is about five times n c. 
The movement of the writing point o is practically that of f. Thus the total 
maniification of the movement of p is twenty -five times, m is the writing 
surface. 
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Fig. 131 gives two sphygmograms obtained by this instrument. 
Tracing i is from a rather low-tension pulse, and tracing ii from a 
high-tension pulse. The dicrotic notch is much more conspicuous in 
tracing i than in tracing ii. In ii the pre- and post-dicrotic waves 
are much better marked than in the low-tension pulse. Note further 


Fio. 131. — Two Sphtomogiums Taken by a Dudgeon’s Sphygmograph. 
Tracing i from a Low-tension, ii from a High-tension Pulhb. 

• 

the difference in excursion between the two and the difference in 
rate of beat. The clock is so set that it carries the paper through in 
exactly ten seconds, so that if the total number of waves recorded on 
the paper be multiplied by 6 the rate of beat per minute is at once 
given. 
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CHAPTER XYII 

DEMONSTRATION OF BLOOD PRESSURE AND ITS NERVOUS 
REGULATION 


For this exporinicut the following apparatus is necessary (fig. 132). The 
writing surface consists of an endless roll of blackened paper stretched between 
two drums, one of which can be rotated at a slow rate by a tangent screw in 
the .ordinary manner. The recording levers consist of a tambour, t ^ to record 
the respiratory movements, a mercury manometer, m, with float, w, and two 
chronographs, cc. All these writing points are arranged of such a length and 
in such position that all lie in the same vertical line on the recording surface. 
Of the two chronographs the lower one is connected to a clock, cZ, ticking 
seconds and a battery, ii'^ Attached to the escapement of the clock is a wire 
which each second dips into a cup of mercury (seen vertically below cl in the 
figure), thus closing a circuit and actuating the chronograph. The upper 
chronograph is arranged to record the zero pressure, and is also utilised to 
mark the instant at which any stimulation is made. For this purpose it is 
connected in series wdth a battery b', the two x^illars of a coil a and a key k. 
On closing k the Noef s hammer vibrates, and with each rise and fall of the 
hammer the chronograph lever rises and falls. To the terminals of the 
secondary coil a pair of shielded electrodes, £, is connected. 

To record the respiratory movements for this experiment a receiving 
tambour, t', is fitted on a horizontal rod with the rubber membrane facing 
downwards. To the centre of the membrane a cork is cemented and the 
tambour is then held over the rabbit in such a way that the cork rests on the 
abdomen at a part that moves freely with each respiration. This tambour 
is connected by rubber tubing, into which a -piece is inserted, with the 
recording tambour With each inspiration the abdomen rises, forces air 
out of the tambour into the tambour T', the lever of which therefore rises. 

The mercury manometer consists of two vertically placed glass tubes of 
equal bore, about half- filled with mercury. In one of these a float, w, rests 
on the upper surface of the mercury. The other is connected by a piece of 
thick- walled pressure tubing to a pressure bottle, pb, which is filled with a 
half-saturated solution of sodium sulphate. A spring din, l, controls the 
connection of the pressure bottle with the manometer. This second tube of 
the manometer is connected by a lateral piece with a metal tube on which is 
a tap, s, and this, by rubber tubing of narrow bore and thick walls, can be 
connected to the cannula in the artery. 

The apparatus being prepared, a rabbit is tied dowm to a holder and put 
under ether. Its head is then fixed by a Czermak’s rabbit-holder. A 
median incision is made through the skin of the neck for about four inches, 
. so as to expose the larynx at the upper end of the incision. The platysma is 
cut through in the mid-line. The stemo-mastoid is separated from the sterno- 
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Fio. 132. — ^Abbanoebient of Appabatus for a Blood-pressube Expebzhent. 
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hyoid, which brings into view the carotid artery c, fig. 133, accompanied 
by a small vein or veins and in relation to several nerves. Superficially lies 
the descendens noni. Immediately behind the artery lies the vagus, w, 
behind and to the inner side the sympathetic, sj/, and depressor nerve, d. 
The vagus is first of all separated high up opposite the larynx, and its trans- 
verse branch, the superior laryngeal, sl, fig. 126, is isolated. A small nerve, 
arising either from the superior laryngeal or by two roots, one firom this and 



Fig. 133. — ^Dissection of the Neuves of a Babbit’s Neck. (Cy^n.) 


the other from the vagus, is next sought for. This nerve is the depressor 
nerve, d. It is isolated for about two inches of its course and a fine silk 
thread passed under it. The ends of the thread are knotted, so that a loop is 
formed round the nerve, by which it can be easily lifted from the wound at 
any time. A double silk thread of another colour is then passed round the 
vagus and its ends tied together. The vagus of the opposite side is next 
exposed and ligatures passed round it. The sciatic nerve is then exposed by 
an incision down the middle of the external surface of the thigh, cutting 
through the vastus externus, and a ligature is passed round it. 

A cannula is now inserted into one of the carotids. The most convenient 


cannula is of the form shown in fig. 134, b. It consists of a glass bulb with 


ca 



Fig. 184. — Two Fobmb op 
Cannula. 


three tubes leading from it. One is of fine bore 
for insertion into the artery. It has a constricted 
neck and its lower end is cut off obliquely and 
has rounded margins. The tube opposite tms has 
two constrictions on it, so that rubber tubing does 
not easily slip off. A short piece of thick-walled 
pressure tubing is fixed to this and a screw cUp 
fitted over it, so that it can be completely closed. 
The lateral tube is for attachment to the mercury 
manometer. To insert the cannula a long piece 
of the carotid is isolated and a double* t^ad 
passed under it. One is then tied at the upper 
end of the isolated piece so as tc stop the flow of 
blood. On the lower end a pair of bull-dog forceps 
is placed in such a way as to compress the vessel 
and stop the blood-flow. With a pair of sharp- 
pointed scissors the artery is now cut into by an 
incision which cuts through about one-third of 
the circumference, and is directed obliquely down- 


wards. By holding up the flap of arte^ wall thus made the cannula can 
easily be inserted into the vessel and tied in by the second thread already 
placed there, the thread lying in the constriction on the widl of the cannula. 
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The animal is placed in a convenient position with respect to the mano- 
meter and the cannula connected to the latter. The pressure bottle is raised 
until it is about five feet above the level of the mercury in the manometer, 
and with the tap s turned on fluid is run from the pressure bottle through 
the manometer along the tubing to the cannula, until all the air is displaced 
from these tubes. The flow from the pressure bottle is then stopped. The 
writing point of the upper chronograph is brought to the level of that of 
the float, and consequently draws an abscissa line of zero pressure. It 
should be noticed that the level of the mercury in the two limbs is not the 
same, that in the open limb being a little higher than that in the other, 
because this mercury has to balance the pressure of a column of salt solution 
equal in height to the difference in level between the mercury and orifice of 
the cannula. The clip on the tubing on the free orifice of the cannula is next 
screwed tight. The clip on the tubing from the pressure bottle is once more 
opened, but now no fluid can escape. The mercury in tlie open limb of the 
manometer therefore rises, and carries the float with it, until the difference 
in level of the mercury in the two limbs balances the pressure of the fluid in 
the pressure bottle acting on the closed manometer limb. This will be at 
a level of about 70 to 80 mm. above the zero abscissa line. The increase of 
pressure inside the manometer is measured by the increase in distance of the 
two mercury surfaces, but the height recorded by the float is only the move- 
ment o^the mercury surface in the open limb. If the bore of the tubing 
forming the two limbs be equal, the rise in the one limb is equal to the fall in 
the other. Consequently the increase of pressure exerted by the fluid is 
measured by a mercury column 140 to 160 mm. in height. Therefore in 
a tracing obtained by the mercury manometer to determine the presstire 
recorded at any instant, we must measure its height above the zero abscissa 
line and multiply this by 2, which gives the equivalent height of a mercury 
column which just balances the pressure. 

The bull-dog forceps are now removed from the artery, when the mercury 
will begin to oscillate up and down, and at about the same level as that it has 
been raised to by the pressure bottle. The object of the pressure bottle is in 
the first place to give a convenient means of filling the apparatus with a fluid 
which when mixed with blood tends to prevent its coagulation. Sodium 
carbonate or magnesium sulphate solutions are also employed for this purpose; 
but, on the whole, sodium sulphate is perhaps the best salt to employ. The 
pressure bottle further performs another very important service in raising 
the level of the mercury to a height which will approximately represent that 
of the blood pressure. If this be not done, on connection with the artery the 
blood itself would have to raise the mercury thus entering the cannula in 
some volume, not only causing a loss of blood to the animal, but leading 
sooner or later to coagulation and blocking of the cannula. Placing the 
pressure bottle too high is also to be avoided, for then some of the fluid will 
leave the manometer and cannula, and pass into the circulating blood. 

In taking the blood pressure by a cannula placed in the carotid we must 
remember that we are not measuring the blood pressure in the carotid as it 
exists in life, betause we have completely stopped its flow along the vessel. 
We are really measuring the pressure on the side wall of the artery from 
which the carotid springs, i.e, either the subclavian or aorta, as the case may 
be, along which the blood is still flowing in a normal manner. 

We may now carry out the experiment in the following manner : 
1. Record of the normal tracing. — Two or three short pieces of 
tracing are taken with varying speeds of recording surface. Fig. 135 
gives a typical piece of tracing from the rabbit, but the student should 
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also examine the tracings obtained from other animals, such as those,* 
for instance, in figs. 139 and 156. In fig. 135 it is seen that there are 
two distinct series of undulations on the blood-pressure curve — one a 
small undulation, due to the heart beat, and the second a larger and 
slower undulation, which is synchronous with respiration. In an 
animal, such as the rabbit, in which the heart heats very quickly the 


Fig. 185. — Tracing of the Blood Pressure from a Babbit taSIen by the Mer- 
cury Manometer, rksp^, Hecord of the Respiration ; b.p., of the Blood 
Pressure. The Horizontal Line at the Base shows the Position of the 
Zero of Pressure. Time Tracing in Seconds. 

oscillations due to the heart beat are small, not, as we shall see, 
because the variation in total pressure with each beat is small, but 
because the mercury manometer possesses so much inertia that it is 
unable to respond to variations which are earned out so rapidly. 
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If a record of the heart beat be taken simultaneously with a blood- 
pressure tracing, it is found that the record of rise of pressure 
with each beat follows with a considerable latency after the record 
of the heart itself. The respiratory waves are generally regarded as 
caused by alterations in the volume of blood admitted to the auricle. 
During inspiration the greater negative pressure in the thorax draws 
more blood from the great veins into the thorax, leading to an 
increased flow through the heart and a consequent rise in blood 
pressure. This increased flow does not commence at the instant 


r 



Fig. 136. — ^Blood Pjmsssure aud Rkswratwhy Tracing oy a Cuuarihud Cat 
UNDER Morphia. Artificiai. Respiration. Time Tracing Sf.cond8. 

inspiration commences, but at a short interval after. The rise in 
blood pressure, therefore, is not instantaneous with the com- 
mencement of inspiration, but follows it after an interval of about 
two to three heart beats. In expiration there is a diminished blood 
flow to the ventricle, and therefore a fall in blood pressure, and there 
is an analogous latency, blood pressure only beginning to fall at an 
appreciable interval after expiration has commenced. The effect of 
the respiratory movements in varying the blood pressure is well 
illustrate’d by studying the changes during artificial respiration. 
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Here we find the exact converse to the results with normal respiration, 
Le, a fall in pressure during inspiration and a rise during expiration. 
In inspiration the thorax is now expanded by pressure from within ; 
and, as the pressure is greater from within than without, the flow into 
the auricle is impeded. The result is well seen in fig. 136, which is 



Fio. 137. — Stimulation or thk Depbessob Nebve in a Rabbit. 

Time Tbacino Seconds. 

from a curarised oat ansesthetised with morphia. Artificial respiration 
was for a time stopped with the thorax in an expiratory state. The 
pressure showed a gradual constant rise. Then when a fresh inflation 
was caused the pressure rose for two heart beats and then rapidly 
fell to rise again during expiration. The initial rise was due to 
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the extra filling of the left auricle by the increased pressure of 
the air emptying the blood from the lun^ capillaries. The in- 
creased pressure in the thorax retards the flow of venous blood into 
the right auricle ; less, therefore, is sent into the pulmonary artery by 
the ventricle and the pressure in this artery falls. From this fall in 
pressure, and because of the obstruction to the flow through the pul- 
monary capillaries due to the pressure of the air upon them, less blood 
is delivered into the left auricle, hence less into the left ventricle, and, 
therefore, a fall in aortic blood pressure. 

By measuring the mean height of the tracing in fig. 135, above the 
zero abscissa line it is seen that the mean blood pressure is 140 mm. of 
mercury. 

2. Stimulation of the depressor nerve.— The nerve is laid on a 
pair of shielded electrodes, and is stimulated while a record is being 
taken. The experiment is repeated two or three times, varying the 
strength of stimulation. Fig. 137 gives a typical result. It is seen 
that aft^ a short latent period of about two seconds the blood pres- 
sure gradually fell from a mean pressure of 140 mm. Hg to one of 
124 mm. Hg, but that the character of the tracing was not in any 
way altered. The heart waves and respiratory waves are still present, 
and remain as before. When stimulation ceased the pressure once 
more began to rise after a latent period of about two seconds, and 
quickly regained its original mean value. 

The depressor nerve is an afferent nerve which transmits im- 
pulses from the heart, mainly from the endocardium to the vaso- 
motor centre in the medulla. If the nerve be divided and its peripheral 
end stimulated no result is obtained. Stimulation of its central end 
produces the result already described. It does not act upon the 
cardiac centre, but only upon the vaso-motor centre, whose action it 
so modifies as to cause dilatation of the peripheral blood vessels and 
therefore a fall in blood pressure. Normally it must act as a kind of 
safety-valve to the heart under conditions when it becomes difficult 
for the heart to empty itself against a too high pressure, due either 
to a higher pressure in the aorta or an overfilling of the ventricle. 
The increased resistance thus caused stimulates the depressor, the 
blood pressure ^lls by dilatation of vessels^ chiefly of the splanchnic 
area, and the heart is now able to empty itself without any special stress. 

3. Stimalation of the sciatic nerve. — While recording the blood 
pressure the central end of the divided sciatic is stimulated, varying 
the stimulus until a typical effect is produced. The sciatic is chosen 
simply as a convenient nerve containing afferent fibres, for precisely 
the same effect is produced with any similar nerve. The result shows 
a rise of pressure, starting soon after the stimulation commenced, and 
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lasting some time after stimulation ceased. This is called a Pressor 
effect. The only variations in the character of the tracing are due 
to differences in respiration, which produce secondary effects upon the 
blood pressure, fig. 138. Often, too^ struggling movements are pro- 
duced, especially if the animal be only lightly under the anaesthetic, 



Fio. 138. — Stimulation of the Central End of the divided Sciatic. The 
Latter Portion of the Respiratory Tracing is imperfectly recorded. 


when with each convulsion the blood pressure rises considerably. The 
only completely satisfactory method of obtaining a pure pressor effect 
is to previously curarise the animal. The reflex muscular movements 
are then absent, and the pressor effect is produced unmasked by the 
rise of pressure caused by each convulsion. The tracing of fig. 139 
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was obtained in this way : it is from a cat under morphia and 
curai'ised. It shows that the 'blood pressure rose from a mean height 
of 94 mm. Hg to one of 144 mm., but that the characters of the 
tracing were otherwise retained in a perfectly characteristic manner. 
This rise in pressure is due to a reflex constriction of the small 
arterioles, and persists for some time. It is almost completely 
abolished. by section of the splanchnics. 

4. Stimulation of the peripheral end of the vagus. — While the 
record is being taken one vagus is ligatured in two places and cut 
between the two ligatures. There is, as a rule, no effect upon the 
blood pressure or respiration. The peripheral end is laid on electrodes 



Fio. 189. — PiiESBOii Effect Pnoi>rcKi> iiy Stimflatino 'nii: Oknthal Kni> ok thm ’ 
Sciatic of a Ccuaiusej* Cat undkk M<»iu*niA. Time Tkacino Seconds. 
Tracing Beduckd to Oxk-hadf Size. 


and stimulated, the stimulation being repeated once or twice with 
different strengths of stimulus. Figs. 140 and 141 show the effect of 
such stimulations. Fig. 140 is with weak stimulation, which produced 
slowing of the heart beat but no stoppage. It is seen that there is 
a marked fall in blood pressure, which, however, did not commence 
the instant the stimulus was applied. The variations of pressure now 
recorded as caused by each heart beat are seen to be very much 
larger. This is not due to an increase in force of the ventricular 
contraction, for, as we have previously seen, the force of the beat is 
decreased on vagal stimulation (p. 141 ). Nor, again, is it entirely due 
to the^diminished blood pressure, enabling the heart to produce a 
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larger variation with the same force. It is mainly due to the inertia, 
of the recording instrument. With the rapidly beating heart tho 
manometer could only respond to a limited extent to the change of 
pressure produced ; but now that the beat is slower more 
time is allowed to the manometer, and its movements therefore 



Fio. 140. — Stimulation of the Peripheral End of the Left Vagus 
IN A Babbit. 

increase in amplitude. After stimulation ceased the rate of beat 
very quickly increased, and this, aided by an increase in ventricular 
force and a partial constriction of the arterioles, led to a rise of blood 
pressure to a greater height than before ; but this was soon followed 
by a fall, the mean pressure once more attaining its initial valuie* 

Pig. 141 is a similar result, but the. stimulation was stronger and 
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inhibition more complete. The fall at the first stimulation is seen to 
be greater, and only a single *beat occurred during stimulation. After 
the stimulus ceased the heart soon regained its rhythm, and the 
characters of the trace were practically the same as those studied in 
the previous instance. 

The result of a second stimulation s reproduced because it 
illustrates another effect which is obtained if the vagus be frequently 


Fio. 141. — Two SuccKssivE Stimulations op the Pekipiieiiat. End op the Bioht 
Vagus with the Same Strength of Stimulus. Babbit. Reduced to Onk- 
HALF Size. 

stimulated. It was obtained by stimulating the vagus with the same 
strength of current as that used for the preceding instance and after 
an interval of ftfteen seconds. It is seen that while the stimulation 
still continued the heart recommenced to beat and the blood pressure 
gradually rose. This result is known as the escape of the heart from 
vagus inhibition. It becomes more and more marked the longer the 
stimulus is continued, and if stimulation be repeated a few times, at 
last a stage is reached in which no effect upon the heart nor upon the 
blood pressure is produced. 

t- Bfimulation of the central end of the vagus.— The result of such 

n2 
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stimulation varies with the strength of stimulus employed. As it 
is afferent nerve, stimulation of its central end tends to produce 
a pressor effect. This is the result if the stimulus be weak, and it 
is accompanied by an increased rate of breathing, which also pro- 


Fio. 142. — Stimulation of the Central End of the Left Vagus in a Rabbit. 

duces an effect upon the curve. Fig. 142 shows such a result, where 
the effect is seen to persist for some time after stimulation . ceased. 
If the strenfi^th of stimulation be increased convulsive moyem<QSEit«*are 
produced which send up the blood pressure ; but at the same time 
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reflex inhibition of the heart is also caused, and this leads to a fall in 
blood pressure. 

If the animal be under curare this reflex inhibition is very clearly 
seen, for it is then uncomplicated by the results of the convulsive 
movements. It is abolished by section of the opposite vagus. 

6. Effect of the intravenous ii^ection of a small dose of nicotine. — 
There are many drugs which when injected directly into the circula- 
tion produce marked results upon the blood pressure. As a typical 
instance 0*5 c.c. of a O’ 1 per cent, solution of nicotine in 1 per cent. 
NaCl solution is injected into the external jugular vein. To effect 
this the vein is exposed and a ligature passed round it. About, one 




Fig. 143.— Effect op an Injection of Nicotine upon the Bl(X)d Pkessuuk. 
Babbit. Beduced to One-iiabf Size. 


inch of it is isolated and the lower end is closed by a pair of bull-dog 
forceps. The vein now distends with blood and the ligature is then 
tied at the upper end. A single turn only is given to the ligature, so 
Ijhat it can easily be loosened if at a subsequent time we wish to refill 
Uie vein with bjpod. A hypodermic syringe with a fine needle is now 
filled with the solution to be injected, and the needle inserted into the 
vein; a procedure which is rendered easy by the distension of the 
vein. The bull-dog forceps are removed, and at a given signal the 
injection made. The vein is then emptied of blood and solution by 
passing the finger along it and tbe clip forceps replaced in position. 

The result of such an injection is shown in fig. 143. It is seen 
that a great rise in blood pressure is produced which may be so 
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marked if the dose be at all large that the mercury may be driven out 
of the manometer. In the figure reproduced it is seen that the 
pressure rose gradually from a^mean pressure of 84 mm. Hg to one 
of 136 mm., and from that pdint it gradually sank, though some 
miiiutes later it was still distinctly higher than at the start. At the 
coihmencement of the tracing there are some irregularities which were 
due to alterations in the respiratory rhythm. This rise is due to a 
marked constriction of the arterioles. A similar result, though not 
to so marked an extent, is produced by an injection of a watery extract 
of the medullary portion of the supra-renal gland. On the other hand 
an extract of the cortex produces practically no effect upon the blood 
pressure. 

7. The effect of asphyxia. — The experiment may be conveniently 
concluded by killing the animal by asphyxia. This is effected by com- 
pressing the trachea by clip forceps or a ligature. If the animal be 
under the influence of curare, stopping the artificial respiration is 
sufiicient. 

Death by asphyxia is described as occurring in three stages, pro- 
ducing typical results in the blood-pressure tracing. The first stage, 
lasting from A to b (pi. 2), is the stage of dyspncea. The blood pressure 
gradually rises and the animal makes deep inspiratory efforts, each 
being sustained for a time, and expiration is rapidly followed by a fresh 
forcible inspiration. The blood pressure shows variations correspond- 
ing to these respirations. This stage is followed after a varying time 
by the second — the stage of convulsions. (From b to c.) 

In this stage the animal passes into a rapid series of convulsive 
struggles, as seen upon the respiratory tracing ; and with each struggle 
the blood pressure rises considerably. The mean blood pressure reaches 
its greatest height during this stage. The third and last stage is 
characterised by a gradual weakening and slowing of the heart and 
a fall in blood pressure. The animal becomes quiet, and only a few 
respirations are attempted. No other muscular efforts are made. 
The heart gradually ceases to beat and the animal dies. 

Note that at death the blood pressure has not reached the zero 
abscissa, but lies 8 mm. above it. If the aorta be cut into, and the 
blood allowed to escape, the manometer falls to zero pressure. The 
pressure at death is not zero pressure, because the bAod is contained 
in a closed system of tubes, which it overdistends, with a uniform 
pressure throughout, and this pressure is spoken of as the mean general 
pressure. During life the blood is very differently distributed, the 
arteries being overfilled, and therefore the arterial pressure is 
much above the mean general pressure. The large veins, on the 
other hand, are not distended to the full amount, and the pressure’ 
is below that of the mean general pressure. 




^rds seconds. Reproduction in full size of the original tracing. 
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OTHER METHODS OF RECORDING- BLOOD PRESSURE 

We have had occasion to note that t)ie mercury manometer is in oertain 
respects deficient, owing to the great inertia of its moving parts. A 
force, therefore, which lasts a short time can only produce a very minute 
effect, and this will be masked by 
any larger effects occurring siniul- 
taneously. Even yariations in 
pressm*e of as great amount as 
those produced by a heart beat are 
•only recorded after a considerable 
delay, so that befwe the mercury 
has had time to breach the level 
which represents the highest pres- 
sure attained that pressure has 
ceased to act, and is again falling. 

Fig. 144 illustrates this point. 

Suppose the line a b <j d to represent the actual changes in pressure 
in a liquid where vertical ordinates represent pressures, and horizontal 
ordinates time. If the changes take place very slowly then the mercury 
manometer is able to register them as the line a b o d with absolute accu- 
•racy. lif, on the other hand, the changes are carried out rapidly, the record 
obtained is very different, and something like the line ah c th The mean 
value is the same in both cases, but the amplitude of the record is much less ; 
the highest and lowest pressures are not recorded, and, moreover, there is a 
•delay : the highest points of the curve h and d lie more to the right, and there- 
fore later than the in- 
stants of time at which 
the highest pressures 
actually occurred. The 
apices also are rounded 
•instead of sharp. - 

To obtain, therefore, a 
4rue record of the changes 
of fluid pressure in an 
•artery, we see that one of 
the first necessities is to 
•choose apparatus in which 
the moving ports possess 
the least possible inertia. 

One of the first means 
•that suggests itself is that 
we shomd record changes 
in diameter of the artery 
whose pressure we wish 
to record. This will give 
>U8 a measure of ^he varia- 
tions of blood pressure in 
/the artery, because the 
■artery wall being elastic, 
the lateral pressure upon 
the wall causes a stretch- 
ing of the wall in propor- 
ition to that pressure. Having recorded the variations we can subsequently 
^calibrate flSem by recording the diameters of the same piece of artery under 
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constant pressures. This method gives far more accurate results than the^ 
mercury manometer, but possesses certain disadvantages. 

There are two instruments which are employed for the purpose. The 
first of these is Pick’s spring k3miograplL. fig. 145. 
It consists of a C-spring, a, made of thin strips of 
metal united at their edges. If the pressure in the 
space thus caused be increased the spring opens 
out. It possesses little inertia, and therefore re- 
sponds quickly to changes of pressure. Fig. 146 gives 
a small piece of tracing taken with this manometer. 
Fio. 140. Recently a modification of this kymograph by v. 

Basch has been introduced in which the c-spring 
is reduced to the smallest size. It gi\ es \ erv e\cellcnt results. 

The other instrument is Kurtlile*s rubber manometer. 
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In this instrument (fig. 147) the mass of all moving partj is i educed 
to a mmimum. Among these is also included the ooluiiin ot fluid 
connectmg the manometei to the blood % essel This is reduced in 
quantity as fai as possible) and, further, b\ choosmg a tambour of \eiy 
size the movement of fluid in and out of the tambour is rendered extremely 
minute. The instrument consists ot a taiiiboui, n, ot ^ eiy small capacity 
whose upper surface is co\ered with thick lubbci An inlet tube, !•, with a 
tap on it, D, communicates with the tamboui, and is for connection to the 
artery A second tube, g, allows of a flow of fluid tiom a pressuie bottle A 
small \ertical metal piece is aitiched to the centie ot the rubber membrane 
and mo\es a lecording leiei, o, pivoted about an avis which can be raised or 
lowered by the level c,bo that a hoii/ontal position can be gi\en to the 
writing lever. The level c cm be clamped bv the scr< w ii Thoniiinomotoi 
IS also provided with a second w iitiiig point, N, foi rccoiding the /c ro piessuie 
This can be ad]usted to the vviiting surface b> a sciew , v, and can be laistd oi 
depressed by a second sciew, l Both wilting points ran be adjusted to thi 
blackened suit ice b> a sciew k 

A recoi dot the pressure changes is tiken b\ this instiununt bv in st tilling 
it with half saturated sodium sulpliiit fiom i prissuu hotth,anii (onnecting 
it to the cannula, which is ilso filled and then closed b\ the siriing clip The 
manometer IS again connected to the i>icssuie bottle, and this tiinr tlie tambour 
membrane uses By the liandle < tlie wi iting Ir \ oi is brouglit to the hoii/onial 
position^nd clamped theio bv the sricw ii The clip on the cannula is again 
opened and the lever o fills Its level now iccouls /no piessure and the 
writmg point n is bi ought to that level The cannula is again dosed, the 
pressure m the manometei laised, the tap on g shut, and now the foiceps on 
the artery can be lemovcd, and the iiiiiiomcUi Icvci allovied to iccord its 
movements. 

Fig 148 IS such a tiacing taken with the lecoi ding sui face moving 
at the same late as thit in fig iV) The tiacing i vv is k corded 



Fio. 148. — TKACiNfis OF Blood Pressuhe of the Babbit by Hckthlk’h Manometer : 
I, DURING Normal Herwration; ii, duiuno Artifutal Bkhpibation. The 
Upper Horizontal Line oivkh Zero Prkkhuuk. 

immediately before that reproduced in fig. 135 from the mercury 
manomet^. A height of 16 mm. in this figure therefore represents 
a pressure of 150 mm. of mercur 5 ^ The variations due to respiration 
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are not so conspicuous as in fig. 135. This is due to the smaller 
magnification obtained in this instance. The heart beats are, however, 
more conspicuous and show greater oscillations than those caused by 
respiration. If measured they are seen to be mm. high in a total 
blood pressure measured by 16^ mm., Le, the variation caused by 
each beat is ^V^h of the mean pressure. If we make similar measure- 
ments in the trace yielded by the mercury manometer we find each 
beat is about 1 mm. high in 75 mm. mean pressure, i.e, the variation 
in pressure recorded as due to each beat is 7 V>th of the mean pressure. 
Hence in this particular experiment the Hiirthle manometer was seven 
times more sensitive in recording rapid variations of pressure than the 
mercury manometer. Tracing ii of fig. 148 is a further illustration 
of the different effects of normal and artificial respiration upon the 
blood pressure. This piece of tracing also demonstrates the fact that 
in artificial respiration a fall of pressure is produced by infiation of 
the lungs. The production of this result we have already explained 
on p. 174. 

In fig. 149 is reproduced a tracing of the effect of stimulation of 
the peripheral end of the vagus of sufficient strength to cause slowing 



Fio. 149. - Stimulation op the rKKiPHEiiAL End of the Vagus. Kakbit. 

Hubtulk Manometer. The Upper Horizontal Line marks Zero Pressure. 

of the beat but not stoppage. This should be contrasted with those 
given in figs. 140 and 141. 

The most interesting results to be gained by the use m ihis instru- 
ment are, however, to be seen when the record is more extended by 
making the movement of the blackened surface more rapid. ,, Such a 
record is given in fig. 160. It shows on the blood-pressure tracing 
practically the same variations as those obtained in a sphygmogram 
(see fig. 131, p. 167). Thus from a to 5 is the rise in pressure due to 
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the sudden propulsion of blood into the aorta ; at c is the predicrotic 
wave, and at d the dicrotic wave. 

This piece of tracing must also be compared with that given in 
fig. 146, which was obtained from a dog, using Fick’s kymograph. 



Both tracings show precisely the same points, 
and further show that by employing these 
instruments we are able to record even the 
smallest and most transient variations in preS’ 


In connection with the consideration of the 
blood fiow the student should examine the con- 
struction of the followinff piece of apparatus whose 
aim is to enable us to determine the rate of flow of 
the blood along a vessel. Ludwig’s stromuhr 
<fig. 151) consists of two glass bulbs, a and b, which 
communicate with each other above, and below 
are fitted into a circular brass base, p, revolving 
on a lower frame, £. Through this frame are two 

channels, opening respectively at c and n. By 151 .-Ludwio>s 

means of two stops the revolving disc p is checked Stromuhr 

in the two positions, so that either a or b can be 

brought into communication with the tube at The opposite bulb then 
opens out at d. The method of employing the apparatus is to fill the bulb a 
with oil and th* bulb b with defibrinated blood. The tube c is then connected 
to the central end of the artery the rate of fiow of the blood along which we 
wish to determine, and d is tied into its peripheral end. At an instant which 
is recorded the blood from the artery is allowed to flow into a. The oil rises 


on the surface of the blood, and the upper orifice of the bulbs being closed it 
forces the defibrinated blood from b into the peripheral end of the vessel. 
As soon as a is filled with blood the bulbs are rapidly rotated, so that the bulb 
B comes to occupy that position previously held by a. The bulb b now con- 
tains the oil, and more blood entering it from the artery, the oil is once more 
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displaced ahd the blood previously entering a is sent into the peripheral end ' 
of the vessel. When b becomes full the apparatus is again rapidly rotated, 
and the operation repeated several times, when the experiment is stopped 
and the total time occupied observed. 

If now we know, by previous measurement, the capacity of the 
bulbs and the number of times they have been rotated, we know the 
total volume of blood that has left the artery during the experiment. 
Suppose this to be V c.c., and the whole time of the experiment to be 
t seconds. Then in 1 sec. a volume oi Y jt c.c. left the artery. The 
lumen of the artery is next measured. Suppose this to be a sq. cm., 
and that the velocity of the blood is v cm. per sec. Then the volume 
of blood leaving the vessel in 1 sec. would he a. v c.c. 

Hence a.i'=V/^, 

and v= ^ . 

a . t 

Thus from a measurement of the area a of the lumen of the^yessel, 
and the volume V issuing in a time /, we can, by the above formula,, 
determine v, the velocity of the blood flow, along the artery. 
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(CHAPTER XVIII 

THE KIDNEY. DEMONSTRATION OF AN ONCOMETER EXPERIMENT 

In investigating the mode of action of any organ or part of the body 
one of the first things we require to know is how its Word flow is 
modified under different conditions, in order that we nniy he able to 
correlate these changes with other functional activities simultaneously 
obseiTed. There are several methods open to us by means of which 
we maj observe changes in Vtascularity of an organ. Jn many cases 
simple inspection by revealing differences in colour is able to show us 
that there is more or less blood in the organ, but this methoil can 
only show us gross changes. A second plan is to measure the quan- 
tity of blood issuing from the organ, variations in the rate of outflow 
giving a measure of the amount of blood passing through the organ. 
This is one of the most satisfactory methods if we ai-e working upon 
an excised organ and circulatingde fibrin a ted blood through it by tying 
a cannula into its main artery. The third and the most valuable 
is that known as the plethysmogi’aphic method. Here the changes 
in volume are directly measured by confining the organ in some 
(inclosed space and then recording the amount of air or of fiui 
displaced from this space as the organ expands or contracts. 

The general plan adopted in such an expeadment may be bcist 
illustrated by one upon tlie kidnt^y. 

The original form of apparatus, a.s invented by Roy for experiments upon 
tlie kidney, consists of a metal box, in whicih the kidney is placed, called an 
oncometer (bulk measurer), and a piece of recording apparatus termed an 
oncograph (bulk recorder). The form of the oncometer is shown in fig. 152, 
and a diagram of its general principle in fig. loll. It consists of ah ellipsoidal 
metal box mad^to open by a hinge. Kach half consists of a double metal 
box (oc and ic, fig. 15y), the one fitting tightly within the other. To prepare it 
for use each inner half is removed and a sheet of sheep's peritoneal iiKmibrano, 
M, is fitted over it, and its edges gummed down to tlie outer surface of the 
capsule, to make an air-tight joint. The membrane is fitted on very loosely, 
and thus allows free movement inwards and outwards. The inner box is 
then replaced in the outer, to which it is tightly clamped by the screw s. 
Both sides are now filled with oil, so as to fill up the spaces a and B between 
the peritoiSeal membrane and the inner cases, the membrane being raised 
meanwhile so that when the instrument is closed there is sufficient space left 
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inside to receive the kidney. The one orifice is then tightly closed by the 
cork B, and a special two-way cannula fitted into the other. The instrument 
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being very flexible, adapts itself to the kidney surface, so that practically the 
kidney is inserted into an oil-tight box tilled with oil. The oncograph, tig. 154, 
consists of a metal box whose upper surface is closed by a slieot of peritoneal 
membrane fitted on very loosely, so that it can move fairly freely. On this 
rests a small cylinder of ebonite with its lower end closed, and to this is 
attached a light vertical rod which moves a horizontal recording lever. The 
interior of the oncograph is connected by a i>iece of rubber tubing with the 



Fuj. 151. -Tick 


interior of one side of the oncometer by llie tube t, fig. 158. Tlic whole 
oncograph and tube connection is filled with oil. Thus arranged any expan- 
sion of the kidney drives out oil from the oncojuetcr into the on(u>graph, the 
peritoneal membrane of which is bulged upwards, and lifts the ; ulcaniio cu]), 
and thus the lever of the oncograph. In this way the variations in volume 
are recorded 

A very simple but effective method is to employ an air oncomc'tfu’ made 
after the principle of that used by Schafer an<l Moore in their expeririients. 
upon the si)leen. A convenient form is shown in fig. 155. Ft may be made 



Fio. 155. Ax Am Oxcomktkh i-oa tiik Kidnky. 


either of plaster of Pans, which is thoroughly soaked in melted hard 
paraffin, or of wood, which is then thoroughly varnished. The figure 
shows its general shape. It has a lid made either of thick plate glass or of 
wood. A depression is cut away in one wall through which the kidney vessels 
and ureter may pass when the kidney is placed within the box. The whole 
is made air-tight by filling the hole in the side with pieces of wool soaked in 
a stiff mixture of vaseline and hard paraffin, so that the kidney vessels are 
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not constricted. The junction with the lid is also made air-ti^ht by vase- 
line. Piercing one side is a hole into which a tube fits tightly, and this 
is connected by rubber tubing of small bore to a tambour (fig. 35). As the 
kidney expands air is driven out of the x>lethysmograph into the tambour, the 
lever of which therefore rises. 


DEMONSTRATION OF THE CHANGES IN VODIJME OF 
THE KIDNEY 

The apparatus is first set up as for taking a blood-pressure tracing, and a 
tambour is also fitted up to record vertically above the blood -pressure tracing. 
Care is taken that all the writing points record vertically above each other. 

A dog which has not been fed for the previous twelve hours is put under 
ether and then a dose of morphia is injected, 1 c.c. of a 1 per cent, solution of 
the hydrochlorate per kilo of body- weight. A median incision in the neck 
is made, the external jugular isolated for about inches, and a simple cannula 
inserted and tied in. The carotid artery is next exposed, and a cannula tied 
in it as described on j). 170. The kidney is next exposed. This may be 
done by a lateral incision in the lumbar region and the kidney isolated from 
the peritoneum without opening the abdominal cavity if X) 08 sible, though this 
will be found of some difficulty in the dog. There are usually several small 
vessels which enter directly into the cortex of the kidney. These have to be 
divided; but each must bo ligatured before doing so in order to avoid haemor- 
rhage into the oiufoineter. AVhen the kidney is thoroughly freed it may be 
placed in the oncometer. 

The other method, which has the great advantage that the kidney is more 
fully exposed, is to reach it by opening the abdominal cavity from the front. 
If care be taken to protect the exposed viscera from cooling, this method may 
be safely adopted. A longitudinal median incision is made through the skin, 
starting just below the xii)histernum for about three or four inches. A trans- 
verse incision through the skin at the level of the last rib is now made, from 
the mid-line down to the rib on the left side. The muscles are next cut 
through, one at a time, along this line — first the external oblique, then the 
internal oblique, then the transversalis, and finally the rectus. Care is taken 
that the peritoneum is not oiiened until all bleeding has been stopped. As 
each vessel is cut through it is caught up on Sx)encer Wells' forceps and 
ligatured. When all bleeding has been arrested the abdominal cavity is 
opened by cutting through the peritoneum along the incisions made through 
the muscles and in the mid-line. The intestines are x>ulled well over to the 
right side and jirotected by covering with a thick layer of cotton wool which 
has been warmed in front of a fire. The kidney is then exposed and the 
I)eritoneum over it is torn through, any bleeding point being ligatured. Care 
is taken to handle the kidney as little as possible, and it must not be allowed to 
become cooled. Having thoroughly isolated the kidney, especially where the 
vessels leave it, it is jdaced in the oncometer. This has previously been pre- 
pared by warming it and then jdacing a few layers of cottonwool containing 
a plentiful amount of the vaseline and paraffin mixture at the bottom of the 
notch in the side wall. The kidney is placed in the oncometer, so that the 
vessels and ureter lie on the vaseline wool in the notch for that purpose. 
Strips of wool soaked in the vaseline mixture are now packed, so as to lie 
between the kidney and the notch, ^nd others to fill up the notch. The whole 
success of the experiment depends upon the careful packing at this stage. 
The notch is to be exactly filled and not overfilled, so that when the lid is 
adjusted there is no pressure on the kidney vessels. Before putting on the 
lid the upper edge of the oncometer is thoroughly covered with vaseline 
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mixture and then the lid is rubbed down into close contact with the edj^e. 
The lateral tube is now connected by thick-walled rubber tubing to the 
recording^ tambour. In the rubber tubing is inserted a T-piecc, the lateral 
orifice being closed^ by a rubber tube clamped by a spring clip. Tho tambour 
now shows the oscillations due to the heart beats. The oncometer must now 
be tested to see if it be air-tight by blowing in a little air through the yplcce 
into oncometer and tambour. The tambour lever is raised tind the pressure 
of air inside is greater than atmospheric pressure. If the tambour lover fall 
there is a leak, and the oncometer must be reopened and *ho packing more 
thoroughly carried out. If the tambour lover remain at the same mean 
level the experiment may be proceeded with. The whole abdomen is thoroughly 
covered up with warmed layers of dry cotton wool, the abdominal wall 
having been previously drawn togethej- by sutures. 

The cannula in the carotid is now connected to tlie mercury manometer 
and. the writing points brought to the recording surface. The procedure of 
the remainder of the experiment can be varied in different ways according to 
circumstances. 

The following five paragraphs give the coi rse ol“ an experiment 
which will show the main facts to luj gaint‘cl liy the method. The 
results obtained are examined in the succeeding pages : 

1. Jpaving brought the air pressure inside the oncometer to 
atmospheric pressure, by opening for an instant th(i clip on the lateral 
pass of the T-piece, take a piece of normal tracing. 

2. Inject 1 c.c. of a 4 per cent, solution of caffeine citrate in 1 per 
cent NaCl. To do this fill tho cannula and rubber tubing in the 
external jugular vein with tho solution by means of a pipette drawn 
out to a fine point. Fill a 1 c.c. pipette with tlie solution and attach 
to the cannula by rubber tubing. Take a short piece of normal 
tracing and removing the bull-dog forceps from the central end of the 
vein, at a given signal blow in 1 c.c. of the solution. Keplace thcj 
clamp on the vein. The instant of injection is marked on the tracing 
by means of a signal. If this dose be not sufficient repeat with an 
increased dose until a typical effect is produced. 

3. After complete recovery from the caffeine citrate inject 5 c.c. of 
a 0*1 per cent, solution of digitalin in 1 X3er cent. NaCl. Previously 
remove the caffeine solution still in the cannula by sucking it up in a 
pipette drawn out to a fine tube, which can pass down the cannula ; 
then wash out with normal saline, remove the saline, and fill with the 
digitalin solution. Attach a pipette containing 5 c.c. of the ^ew 
solution and ir^ject at a given instant. 

4. Inject 1 c.c. of a solution of neurine made by adding one drop 
of a 25 per cent, solution of neurine to 5 c.c. of 1 per cent. NaCl. 
The cannula is to be washed out and filled with the solution as in 3. 

5. To complete the experiment, record tho kidney changes during 
asphyxia. Dissect out the trachea, open it widely, and while a tracing 
is being recorded suddenly plug it tightly with cotton wool soaked 
in water. 


o 
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Typical tracings obtained in such a demonstration are given in 
the following figures. It is seen that as a rule the trace follows 
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Fia. 166 . ^Simultaneous Tkacino of the Volume Changes of the Kidney and 

OF THE CaBOTID BlOOD PRESSURE IN A DOO. TxME TrACING SECONDS. ThE 

Horizontal Line marks Zero Blood Pressure. 

exactly the curve of blood pressure simultaneously iBcorded* The 
variations in volume with each heart beat are well marked, and the 
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rise and fall of blood pressure during respiration are represented by 
an increase and decrease of .volume of the kidney. This is exactly 
the result we should expect to obtain if the vessels follow passively 
any variations of blood pressure, and this is the result during ordinary 
conditions when the kidney is at rest. Comparing fig. 156 with fig. 
157, both of which were yielded by the same animal, we see how 
closely volume changes follow blood pressure changes Fig. 156 was 
obtained at the commencement of the experiment, and is therefore to 
be taken as especially t^'pical of the volume changes. Pig. 157 was 
obtained later, and with a less magnification. The respiratory move- 
ments altered in character as this tracing was being recorded. There 
occurred an increase in kidney volume and a fall in blood pressure, 
so that the fall in blood pressure is chiefly to be explained ai due to 
dilatation of blood vessels in which the kidney took part. The altera- 
tion in volume closely follows that of the blood pressure. In watch- 
ing the two being recorded it is very obvious how the rise of the 
oncometer lever precedes by a quite appreciable interval the rise of 
the manometer float. This difference is purely instrumental in origin, 
the kidney rise being recorded by apparatus having very little inertia, 
whereas the inertia of the mercury manometer is great. 

Changes in volume of the kidney may be brought about in either 
of two ways : — 

(i.) Passively t in which case the increase and decrease of volume 
follow proportionately a rise and fall of blood pressure. This is the case, 
as we have seen, with the ordinary kidney trace, where the rapid undu- 
lations in the blood pressure, due to heart beats, and the slower, due 
to respiratory effects, are exactly reproduced in the kidney oncogram. 

(ii.) Actively, in which case changes in volume of the kidney are 
brought about independently of changes of blood pressure or force of 
heart beat, and may even work against these. Thus an active con- 
striction of the kidney vessels leads to a diminution of kidney volume 
and a rise in blood pressure. These changes in kidney volume are 
best studied by experiments which locally influence the kidney 
vessels. Of these changes some of the best known are those pro- 
duced by drugs which are known to influence the secretion of urine. 
They are also gf greatest interest because they teach us at the same 
time something of the way in which the kidney works when it is called 
upon to secrete more actively. 

Action of Caffeine. — In fig. 158 is reproduced the effect of an 
injection of 2 c.c. of a 4 per cent, solution of caffeine citrate in 
normal saline directly into the external jugular vein. After a period 
of delay it is seen that the blood pressure falls, the variations in pres- 
sure with each heart beat become less, then increase, and the blood 
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pressure soon rises again and returns to its initial value. In the case 
of the kidney trace there is the same delay before any effect is 
produced, and then a little later, after the blood pressure begins to 
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Fio. 167. — Kidney Volume and Blood Pbessure in a Dog. 

alter, the kidney volume falls and remains less for some time, finally 
expanding, often to a much higher volume than before the injection. 
• Finally, after a variable time it once more returns to its initial state. 
The explanation of these changes in volume of the kidney may^ be 
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twofold, either passive or active. The fall in blood pressure must 
pr^uce a dimmution of the kidney volume unless it be over-compen- 
sated by another volume change in the reverse direction. The fall of 
volume that actually occure is partly to be explained by the fall in 
blood pressure, but not entirely, for the fall in blood pressure usually 
precedes by a definite interval the fall in the kidney trace, and 
secondly the blood pressure attains its original height long before the 
kidney begins to expand. The main cause producing the diminution 
of the kidney volume is therefore active, and duo to constriction of its 



Fig. 158. — Effect or Caffeine upon the Kidney Voujhk ani» Blood Prehbuke. 
Thacino reduced to Half Si/k. 


blood vessels. This constriction ultimately yields, and is followed by 
a dilatation lasting a still longer time, and then the kidney returns to 
its initial stat€=. When the rate of secretion of the urine is recorded 
at the same time as the kidney changes it is found that this rate 
varies and accurately follows the changes in volume of the kidney. 
When the kidney vessels contract the rate of secretion drops, and in 
the second stage, the period of relaxation, the secretion is accelerated, 
and finally, as the kidney regains its original state, the rate of secre- 
tion returns to that observed at the commencement of the experiment. 
The.fall in blood pressure produced in this experiment is due to the 
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direct action of the drug upon the heart. This follows from the 
experiment already demonstrated, in which the force of the heart 
beats was directly studied (fig. 113, p. 143). 

The changes of rate of flow studied in association with the changes 
in volume are of interest when connected with the observations which 
show that rate of secretion of urine depends rather upon rate of flow 
of blood through the kidney than upon changes in blood pressure — 
though these must of course act secondarily. Increase in urine flow 
being associated with a dilatation of the kidney vessels directly con- 
firms this view. 

Action of Digitalin. — The effect on the blood pressure is a fall of 
short duration followed by a rise of much longer duration. During the 
rise the rate of heart beat is slower, but each beat is more forcible. The 
changes in the kidney tracing are not synchronous with those of the 
blood pressure. There is produced a slow constriction of the vessels 
which reaches a considerable amount and is very persistent. Gradually 
relaxation occurs and results in a greater volume than before tl^ injec- 
tion ; but finally there is a return after several minutes to the initial 
volume. We must note that during the kidney constriciion the passive 
variations in volume due to heart beats are very well marked. These 
only become masked or obliterated if the constriction be very great ; 
as, for instance, after a very large dose of the drug. The alterations in 
rate of urine secretion are interesting. During the period of constric- 
tion the rate slows considerably, but is accelerated to a certain degree 
during the subsequent relaxation. Neither the relaxation nor the rate 
of flow ever attains to the same degree as that observed after an 
injection of caffeine. 

Action of Neurine. — The tracing (fig. 159) is introduced here 
because it forms a very good demonstration experiment. In the experi- 
ment reproduced 0*5 c.c. of a solution, made by adding one drop of a 25 
per cent, solution of neurine to 6 c.c. of 1 per cent. NaCl, was injected 
into the external jugular of a dog. The effect upon the respiration is 
very striking. After a brief period of delay the animal passes for a 
short time into a series of short respiratory spasms, next the respira- 
tion rapidly slows and ceases, to ultimately recommence, first with 
some irregularity, then expiration becomes rapid and short and in- 
spiration prolonged, the rhythm remaining regular. Changes in blood 
pressure closely follow these changes in respiratory rhythm (see fig. 
159). At first there is a slight faU, partly due to diminished force and 
rate of the heart beat. This is followed by a marked rise in pressure 
as the inspiratory gasps occur, and is accompanied by an acceleration 
‘ of the heart beat. Then follows a period of fall of pressure in which 
the heart beat is slowed, and finally as respiration is once more 
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established the rate of heart beat is increased and the mean pressure 
becomes higher. 

The changes of kidney volume do not exactly follow those of the 
blood pressure, but are to a certain degree independent of them. 
After a period of delay, which is longer than that necessary to produce 
changes in the blood pressure, there is a sudden constriction of the 
kidney vessels, at first very rapid, then more gradual, and finally 
so marked that the variations due to heart beat are almost obliterated. 
In this part of the trace a dilatation is to be observed synchronous 
with the rise of pressure due to the inspiratory spasms. Next follows 
a very sudden dilatation, and the volume then follows the blood- 
pressure changes very closely until respiration recommences, when a 
further very marked dilatation takes place, the volume becomes greater 
than initially, and then as respiration and blood pressure gradually 
return to the normal, so the kidney volume recovers, though at a 
slower rate than the blood-pressure changes. During the marked 
second dilatation the rate of urinary flow is increased. r 

THE OOTJHSE OF THE VASO-MOTOE. NERVES TO 
THE KIDNEY 

By means of oncometer experiments the vaso-motor nerves to the 
kidney have been mapped out. Vaso-constrictor nerves are proved to be 
present among the particular fibres stimulated if a diminution of the 
kidney volume result, accompanied by either no change or by a rise 
of blood pressure. Simultaneous records of the blood pressure 
changes exclude the possibility of the observed kidney changes 
being due to variations brought about passively on changeib in the 
blood pressure. These nerves have thus been proved for the dog to 
leave the cord mainly in the anterior roots of the 11th, 12th, and 
13th thoracic nerves, and to a less extent in the 7th, 8th, and 9th, 
Nerve cells, shown by the nicotine method (see p. 133), are found on 
the course of these fibres, situated in the coeliac, mesenteric, or renal 
ganglia. Vaso-dilators have been found in the 11th, 12th, and 13th 
anterior roots with ganglion cells in the solar or renal ganglia. 
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DEMONSTRATION OF THE NERVOUS REGULATION OF UESPIUAIION, 
THE STETHOMETER AND PNEUMOGRAPH 

In a previous experiment, p. 168, we saw how we could roroi’d the 
respiratory rhythm in an animal hy the aid of a tamhoin* restiiif' on 
the thorax or abdomen. This method gives us all that is required so 
far as the main details of time of inspiration and expiration and rate 
of breatj|png are concerned, but we also require some method that will 
give us a means of recording these same points, and in addition the 
depth of breathing with some greater accuracy. One method that 
has been adopted is to make the animal inspire from a large glass 
vessel which is placed in communication with a tambour, so that 
changes of pressure inside the vessel cause movements of the tambour 
lever. Each inspiration causes a fall in pressure in the glass chamber, 
and therefore a fall of the tambour lever. For this method it is not 
necessary to have the vessel completely closed. The air must also 
be frequently renewed. 

Another method that has been largely em})loyed is to introduce 
one end of a stiff lever so as to lie between tlie liver and the under 
surface of the diaphragm. The lever moves about an axis near to 
this end, so that all that is necessary is to record the movements of 
the free end of the lever. This is usually cari ied out by attaching it 
to a writing lever by a fine thread. 

In the case of the rabbit we possess a further very convenient 
and accurate method, for there exists in this animal a slip of the 
diaphragm in the anterior mid-line which can be isolated without 
opening the plqpral cavities. A record of the movements of this 
slip is the method employed in the following demonstration : — 

DEMONSTRATION. THE NERVOUS REGULATION OF 
RESPIRATION 

A rabbit is aniesthetised with ether. By a median incision in the neck, 
extending for about 1| inches above and below the larynx, the two vagi 
are ^ri^t isolated and threads passed under them. The superior laryngeal on 
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one side is next isolated and a thread passed tinder it, so that it may readily 
be lifted up when required. The nerve is easily found as a branch of the 
vagus running off at right angles to the trunk towards the mid-line at the 
level of the larynx. It usually passes beneath the carotid artery. The glosso- 
pha^ngeal of one side is separated in a similar manner. It is found by 
tracing the vagus up to the base of the skull. It is found runmng from the 
vagus deep down opposite the angle of the jaw, and there lies to the outer 
side of the carotid. It runs forwards to disappear under the posterior edge 
of the mylo-hyoid. 

A median longitudinal incision about 2 inches in length is next made 
with the xiphoid cartilage as its central point. All the tissues are then cut 
through down to the sternum and cartilage, and any bleeding is stopped. 
The abdominal cavity is opened at the tip of the ensiform cartilage, and the 
two muscular strips of the diaphragm isolated on either side. The cartilage 
is then cut across, care being taken not to injure the attachment of slips to 
its under surface nor the blood vessels to the slips, which leave the lower 
siurface of the sternum at about its junction with the cartilage. A sharp hook 
made of a bent pin is then passed through the edge of the cartilage, and 
attached by a thread to one of the levers of fig. 110. The magnification of 
the movement need not be greater than two-fold, and the loading should be 
effected isotonically and varied until the best excursion of the lever is 
obtained. t 

The first few records of figs. 160 and 161 show the form of the trac- 
ing. A rise of the lever is caused by a contraction of the diaphragm 
slip and therefore represents an inspiration, a fall, expiration. It is seen 
that relaxation of the diaphragm is carried out very rapidly, much 
more so than the corresponding contraction. The rate of breathing is 
rapid, at times as fast as two per second, at other times much slower. 
If the animal be deeply under the anaesthetic the rate is usually 
somewhat slowed. To show the influence of nervous stimuli upon 
the rate and depth of breathing, the following nerves should be 
stimulated : — 

1. The superior laryfigcal , — We may stimulate this nerve in two 
ways. We may imitate the normal method by introducing into the 
larynx a curved probe whose end has been wrapped in cotton wool. 
In this instance, and indeed for all these nerve stimulations, the rabbit 
must not be too deeply under the ansBsthetic. The result of this 
stimulation is shown in i, fig. 160. In ii, fig. 160, is seen the effect of 
weak tetanising shocks applied directly to the nerve. In both cases 
we see that there is slowing of the respirations, pautses occurring in 
expiration. By contrasting these with the well-known result of the 
presence of a foreign body in the larynx we see quite clearly that the 
results are very different. The effect of the anaesthetic has been to 
very greatly diminish the effect upon the respiratory centre, and in the 
case of the electrical excitation of the nerve there seems to be no 
. doubt that the impulses thus originated are of very different character 
from those normally passing along the nerve after it is stimulated. 
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The same remarks apply with equal force to the other stimulations we 
are about to examine. 



Fig. 160. — Alteration in Respiration on Stimulation of the Supfrior Laryn- 
geal Nerve : i, by Mechanical Irritation of the Larynx ; ii^ by Tetaniba- 

TION OF THE NeRVE. RaBBIT. 


2. The glosso-pharyiigeal . — We can show the effect of this nerve 
on respiration, as in the previous case, by two modes of stimulation : 
(i.) By making the animal swallow a little water, and (ii.) by electrical 
excitation of the nerve. Fig. 161 gives the usual result of these 
stimulations. In i the animal was made to swallow about 2 c.c. of 
water placed in its pharynx. We see that inspiration is immediately 
inhibited, and that a very gradual relaxation occurred. During this 
time the animal was making rapid swallowing movements. In ii with 
electrical stimulation we have a corresponding result. Breathing 
was at once inhibited for the time of about three respirations, and 
then recommenced, at first with shallow, then with deepening re- 
spirations. After stimulation ceased there are seen to be two altera- 
tions in the culve, namely at a and b. These were synchronous with 
two swallowings. It is seen that in each case swallowing commenced 
in the middle of inspiration, which was then immediately inhibited, a 
slight expiration followed, and then as the swallowing ended the in- 
spiration was completed. 

3. Effect of section of the two vagi . — While the respiration is 
being recorded, the one vagus is lifted up by the loop previously placed 
round it and cut. After a short time the second is cut in a similar 
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manner. The effect of section of the first vagus may be nil, no change 
either in rate or depth occurring; or there may be slight slowing 



Fi<i. 1()1. Effkct upon Respiuation ok Stimulation of thk Glosso-pharynokal 

Nkrvk; I, m Makino the Animal SwAiii.ow Water ; ii, by Tetanisation or 
THE Nerve. 



Fio. 162. — Result op Section of the Vagus, the other Nerve havino 
BEEN Previously Divided. 


accompanied by an increase in depth. The effect of eftction of 
•the second vagus (fig. 162) is always to diminish the rate and incree^ise 





■ Fjo. 104. 

Fraa 163 AOT> 1 G 4 .- StisH!J:.ati€« or thk Ck.vtkai, Esb ok thk Vaous, both 
HAVCO BEKN DlVIUEI.. IN FiO. 163 THE STBESOTII OK StIMOBWS WAS 
Weakeb than in Fig. 164. 
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the depth of respiration, the increase in depth to a certain extent 
compensating for the diminution in rate. 

4. Stimulation of the central end of the vagm , — What we may 
regard as the most typical result of stimulation of the central end, 
both vagi being cut, is that recorded in fig. 163. In this case the 
tetanisation was very weak and caused an acceleration in rate from 32 
respirations per min. to 36 per min., and the amplitude of the record 
diminished from 5 cm. to 4 cm. The diminution in extent is seen to 
be brought about by a less complete relaxation, as well as by a less 
extensive contraction. This result is much better obtained if the 
ansesthesia be not too deep. If the strength of stimulation be increased 
the effects are found to vary considerably. A common result is 
that reproduced in fig. 164, where it is seen that there is a gradually 
increasing tendency to standstill with the diaphragm neither relaxed 
nor contracted, but in a state of mid-contraction. In some cases 
standstill is produced in an inspiratory phase, inspiratory tetanus ; in 
others, again, in an expiratory phase, expiratory tetanus. 

RECORD OF THE RESPIRATORY MOVEMENTS IN MAN 

Various instruments have been devised for recording the move- 
ments of the thorax in man. Of these the two following should be 
examined : — 

Experiment 1.— Take a tracing with Marey’s pneumograph (fig. 165). The 
instrument consists of a thin flat iron plate, /, with two stout bars of brass at 
either end. Attached to one bar is a tambour, 7t, which moves a lever, h. To 



Flo. 165 . — Marey’s Pneumograph. (McKendrick.) 


the other is fixed a vertical bar with a horizontal screw, g, which fits into the 
upper part of the lever 5. By the band ced the apparatus is tied firmly on 
to the chest. Then with each inspiration the plate/ is bent, the vertical bar 
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pulled from the t^bour, which is therefore expanded. The variations in 
volume of tne tambour are then recorded by a second tambour 

Experiment 2.--Take a tracing by Bnrdon-Sanderson’s stethometer. 



Fig. 166 shows the general form of the instruiiient, and 6g. 167 the way in 
which it is 6tted to the chest for recording the changes in transverse diameter. 
It consists of a large tambour a with a central disc of metal 6xed to its 



Fio. 167.— Mode of Applying the Stkthometeh to Rkcoud Changes in 
Transverse Diameter or the Chest. 


rubber membrane. An ivory knob, bS attached to one end of a screw carried 
at the end of a spring e serves for adjustment to one side of the chest. At 
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the other side is another knob on the end of a bar, b\ for adjustment to the 
corresponding point on the opposite side. An increase in diameter leads to 
a separation of the two knobs, only one of which can move relatively to the 
framework. This drives air out of the tambour and causes a rise of the lever 
of the recording tambour. The most important diameters to employ are (1) 
that which connects the 8th rib in the axillary line with the same rib of the 
opposite side, and (2) that from the lower end of the sternum to the 8th 
dorsal spine. 

Record the changes in these two positions (1) diuring quiet breathing, 
(2) while sipping a glass of water, and (8) while swallowing a mouthful of 
biscuit. 

The results obtained will be similar to those reproduced in fig. 168, 
which were taken with the instrument recording changes in the trans- 
verse diameter of the thorax. It is seen that inspiration and expiration 
each occupied about the same time ; that at first the movement is rapid 



Fig. 168 . — Rkcoud op Ciiai^ges in thb Tkansvkhsk Diameteb op the Thorax 
DURING Respiration (Man). The Upper Curve taken during Quiet Breath- 
ing : the Lower Curve shows the Effect op Swallowing. Time Tracing 
Seconds. 

in either direction, and then gradually slows. In the lower of the two 
tracings the inhibition of respiration during swallowing is recorded. 
A glass of water was slowly swallowed, and respiration was at once 
inhibited at the commencement of expiration, remaining in that state 
until swallowing ceased, when a fresh and rather deeper inspiration 
followed. From this time respiration resumed its usual characters. 
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CHAPTER XX 

DEMONSTRATION OF THE SECRETION OF SALIVA FROM THE SUH- 
MAXILLARY GLAND OF THE DOtl 

A DOG is secured to the animal holder and placed under ether ; the 
hair is then clipped from the jaws and neck and the skin cleaned with 
a wet sponge. The necessary operation ‘ is then carried out in the 
following stages : — 

1. Make an incision along the inner border of the lower jaw, 
beginning about its anterior third, a little in front of the insertion of 
the digSstric muscle, and extend it backwards to the transverse pro> 
cess of the atlas, dividing the skin and platysma. 2. Expose the 



Fig. 169 .— The Relation of the Veins to the Submaxillaiiy Gland in the 
Dog. (After Bernard.) 

jugular vein (fig. 169) at or near the point where it divides into two 
branches, a and r, and lay bare those branches also. One of them, 
p, passes upwards behind the gland ; the other, a, passes forwards 
below it and then divides into two branches. The gland itself has 
two veins : one of them, v^ comes from its lower side and enters 

< The description of the operation is taken from the Handbook for the Fhyaio^ 
logical Laboratoryt by Brunton, Foster, Klein, and Sanderson. 


P 
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the vein a. The other, comes from its posterior aspect and 
enters the vein p. Sometimes one vein is the larger, sometimes the 
other. 3. Tie both branches of the lower division of the jugular a 
little beyond v*. Tie the upper of the two branches where it crosses 
the ramus of the jaw and remove the part between the ligatures. 
4. Tie the other division (p) on the distal side of the place where it 
receives the gland vein, v*. 5. Remove the cellular tissue from the 

surface of the digastric, and from the groove between it and the 
masseter. Be careful not to injure the facial artery, and the duct of 
the gland which runs forwards and inwards between it and the 
masseter. i\. Separate the digastnc muscle by means of a director or 



Fi«. 170 .- Uki.ationk (if tiik Dutvr and Nkuvkh of thk Sit hm axillary 
Gland in trk Dog. (Avtkr Bernard.) 


aneurism needle from the facial artery. Tie the arterial twig which 
supplies the muscle. Separate the muscle from its attachment to 
the jaw, or divide it about its anterior third, cutting it through very 
carefully so as not to injure the duct and nerves which lie below it. 
7. Lay hold of the lower end of the digastric with a pair of artery 
forceps and draw it backwards. This brings into vtew a triangular 
space whose apex is directed forwards, and whose base is formed by 
the reflected digastric. Its lower margin (the dog being supposed to 
be in the upright position as in the figures) is formed by the genio- 
hyoid muscle, and its upper one by the ramus of the jaw and the 
lower edge of the masseter. The anterior half of its floor is formed 
by the mylo-hyoid muscle, on which some nerves ramify. The 
carotid artery enters the triangle at its lower angle and runs^ along 
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its base, giving oif first the lingual artery, secondly the facial. Just 
as the carotid begins to pass in front of the digastric, it is crossed by 
the hypoglossal nerve, h, and is accompanied by filaments of the 
sympathetic. At the upper angle of the triangle several structures pass 
from it to the hilum of the gland, close to the margin of the digastric. 
These are : 1, the duct ; 2, the nerves ; 3, the principal artery of the 
gland. The artery is given off by the facial. It lies beneath the 
nerves, but is easily reached by drawing them aside. 8. Carefully 
isolate the digastric by a director or aneurism needle from all the 
structures just mentioned. Divide it close to its insertion into the 
temporal bone. 9. Divide the inylo-hyoid muscle, ai, cutting its fibres 
across about their middle, and reflect the uppiu* half, taking care not 
to injure the mylo-hyoid nerve which lies upon it, and t^iiig all the 
veins which come into view on its surface with a double ligature. 
This brings into view the lingual nerve, l, which issuiis from under 
the ramus of the jaw just opposite the groove between the digastric 
and mi»seter muscles, and, after passing across the floor of the triangle 
towards the middle line, enters the mucous membrane of the mouth. 
10. Draw the parts a little towards the middltj line with the fingers, 
and follow the lingual nerve to the ramus of tlie jaw. A small twig, c, 
will then be seen, which passes off from its })ost(‘rior aspect, bonds 
down, making a sort of loop, and then runs backwards to the gland in 
close relation to the duct. This nerve is the chon/ft lipnpani. In the 
angle between the chorda and the lingual lies the subniaxillary gan- 
glion. 11. Isolate the chorda and pass a thread under it, so that 
the nerve may be raised from its place at will. 12. To reach the 
sympathetic divide the hypoglossal nerve, h, just where it cro.s.ses the 
carotul, and lift up its central end. Close to the inside of the carotid 
lies the vagus, and when this is raised the sympathetic is seen lying 
underneath and to the inner side of it. The sympathetic separates 
from the vagus at this point, and passes to the* superior cervical gan- 
glion. From the ganglion, fibres accompany tlie carotid and enter 
the gland along with its arteries. The ganglion can easily be found 
by following the carotid filaments backwards. 13. Place a cannula 
in the submaxillary duct. The ducts of tlie submaxillary and sub- 
lingual pass ak>ng the middle of the triangle close to one another. 
The submaxillary duct lies closer to the ramus of the jaw, and is 
larger than the sublingual duct. Isolate it slightly with an aneurism 
needle. Pass under it a thread for the purpose of tying in the 
cannula. 'Pass under the duct a smooth splinter of wood or a piece of 
card, half an inch long by one-eighth of an inch wide, on which it may 
rest. Close the duct as near the mouth as possible with a clip, or tie 
a t^iread round it, so as to obstruct it. Raise the chorda by the thread 
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which has been passed round it, and stimulate it by a weak interrupted 
current — the purpose of this is to distend the duct with secretion, and 
thus render the introduction of the cannula much easier. Open the 
duct with a pair of sharp scissors, insert the cannula, and tie it in. 

To show vuriutions in rate of secretion the secretion may be collected in 
small ^lass tubes or capsules, having attached a shurt piece of rubber tubing 
to the end of the cannula. The following plan is a very good one for class 
demonstration. A long piece of glass tubing with thick walls and of about 
1 mm. bore is taken. To one end of this a piece of nibber tubing is fixed, in 
the course of which is inserted a glass T-pieco, the lateral orifice being closed 
by a piece of tubing and spring clip. The rubber tubing and a few inches of 
the glass tubing are filled with a solution of nietliylene blue. The cannula is 
then filled with fluid and connected to the long glass tube by the rubber 
tubing. The glass tubing is then held in a horizontal i)osition against a 
white surface, so that the coloured colnniii of fluid stands out clearly. It is 
also convenient to have the tube marked with transverse lines at short 
intervals. When the demonstration is being made to large classes, it is often 
convenient to project an image of the coloured column on to a screen by 
means of a lantern. As saliva is secreted the coloured fluid is moved along 
the horizontal tube, and its rate? can be very accurately watclu^ll. The 
meniscus of the fluid can at once be brought to any position of the tube by 
aid of the T-pioco on the rubber tubing. By opening this some fluid may be 
forced out or 8ucked in, if the end of tlie rubber tubing be imineraed in fluid. 

We may now show the chief facts in the rate of secretion of saliva 
by th(5 following experiments : — 

1. Obserre the rate of flow of saliva from the uiistimulated gland. 
In animals anu'.sthetised with ether this rate is, as a rule, greater than 
when other anaesthetics are employed. 

2. Stimulate the chorda. Lift np the nerve, place it upon a pair 
of shiehled electrodes, and tetanis(i it with weak induced currents. The 
rate of flow of saliva is very greatly accelerated. 

3. Stimulate the sympathetic. — The rate of flow, in the case of the 
dog, is no greater than before stimulation. 

4. Observe the vascular changes in the gland on stimulation of the 
two nerves. When the chorda is stimulated the gland will be dis- 
tinctly observed to become redder, due to dilatation of its blood vessels. 
On the other hand, sympathetic stimulation is followed by a paling of 
the gland, due to constriction of its vessels. 

6. Take a cainel’s-hair pencil moistened with a O J. per cent, solu- 
tion of nicotine in 1 per cent. NaCl solution and paint the submaxillary 
ganglion \vith the solution of nicotine^ taking care to limit the action 
of the nicotine to the submaxillary ganglion. Now stimulate the 
chorda once more and a rapid flow of secretion is again obtained. In 
the next place paint the chorda with the solution of nicotine at a spot 
about inch from the hilum. Then once more stimulate the 
chorda near its origin from the lingual. A free flow of saliva is 
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still obtained. Liastly, paint the chorda with the nicotine solution, 
just at its entrance into the hiluin, and again stimulate. No secretion 
is obtained. 

Finally apply the electrodes to the hiluin of the gland, when on 
stimulation a free secretion will again be obtained. This exi)eriinont 
with nicotine demonstrates the existence of nerve cells on the course 
of the chorda fibres. Nicotine in minute doses is known to paralyse 
nerve cells without injuring the nerve fibres, though in largo doses it 
paralyses nerve fibres as well. The experiment therefori; proves that the 
nerve cells in the suhinaxillary ganglion art* not ])laced on tlie course 
of chorda fibres running to the suhinaxillary gland. They are, in 
fact, known to lie on the course of secretory fibres running to the 
sublinguiil gland. The result of painting the cliorda with nicotine 
proves that the nicotine solution is not strong enough to paralyse the 
nerve fibres. Tlie absence of secretion on stimulation after the hilum 
has been painted with nicotine proves that there are gland cells on 
the course of the secretory fibres which are placed on the nerve at or 
near itf entrance into the hilum. This is furthei* confirmed by 
obtaining a secretion on subsequent stimulation at tlu^ hilum, for then 
the post-ganglionic fihr<»s are excited. 
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CHAPTER XXI 

UKKIiKX ACTION AS HTUDIKO UPON THK SPINAL COKD OP' THPJ P'llOO 

Experivicnl 1. — Destroy the brain of a frog, leaving tlie spinal cord intact. 
This should ho done with a blunt instrument, so that tlie animal loses as 
little blood as possible. If the animal be tested immediately by pinching one 
of the toes it may or may not respond by a movement of the leg. If it be 
kept for half an hour or a little longer it will very readily respond. The 
ahscnco of response just after the destruction of the brain is due to the shock 
of the operation, Imt this rai)idly passes off in the case of the frog. 

After this period of rest note the condition of the frog. It* lies on 
the table without any attempt at spontaneous movement. Its head 
and body lie in contact with the table, whilst in an intact frog they 
are always inclined to the surface on which it rests. The legs are 
usually drawn up and the fore limbs may be extended at right angles 
to the axis of the body or may lie folded over the sternum. The eyes 
are closed and no respiratory movements are attempted. The general 
attitude of the animal ’should be contrasted by comparison with that 
of an intact frog. 

Having determined these points its behaviour when its position is 
altered should be investigated. If a leg be stretched out it is usually 
drawn up again to its original position as soon as the fingers are 
withdrawn. Place it on its back ; it will lie at rest practically in the 
position in which it is placed. It makes n^ attempt to turn over into 
its previous position, whereas an intact frog immediately turns over 
as soon as it is allowed to. Suspend the frog by passing a bent pin 
through the lower jaw. The pin does not act as a stimulus, and so 
cause reflex movements, because the centres of the sensory nerves of 
this part have been destroyed in pithing the brain. The frog may thus 
be supported in any convenient manner and the reflex movements in 
response to various forms of stimuli studied. 

1 . Mcchauical, 

(a) Pinch any one of the toes of the right foot ; the right leg is drawn 
up. If the toe be held you will feel a pull on the fingers, tending to 
lift the leg. This pull is not continuous, but varies in strength. Pinch 
a toe of the left foot ; the left leg is drawn up. Pinch the skin of the 
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flank ; the leg of the same side is rapidly drawn up, as if to push away 
the object stimulating the skin. These are all instances of unilateral 
reflex movements, and may be extended in many directions. 

(d) Pinch the skin over the anterior surface of the pubes or round 
the anus ; both legs are now drawn up to rub the spot stimulated. 

(c) Pinch one of the toes gently. With a mild stimulus there 
may only be a slight flexion at ankle and knee. Increase the strength 
of the pinch, and the movements of the leg become more marked. If 
the strength be still further increased, movements of the opposite leg 
will also be produced. 

2. Electrical. 

(a) Single iiul action 67^)r/t.s‘.— Apply a pair of wire electrodes from 
the secondary coil to the skin of the leg. Stimulate with single induced 
shocks, gradually increasing the strength of the shock. No reflexes 
are produced, though a twitch produced by the direct excitation of 
the muscles may be produced if the stimulus be sufilcieiitly strong. 

(b) Bepeated induced shocks. — At first employ very weak stimuli. 
A refl& is quite readily obtained. This forms an instance of summa- 
tion of effect. A single stimulus produces no result ; but if repeated, 
even though weak, the effects are gradually summed up until they are 
able to produce a series of reflex impulses. 

3. ChcmicaL 

(a) Take some 0-2 per cent, sulphuric acid in a small beaker, 
and with the frog suspended move one leg to one side with a 
loop of thread or a glass rod, and then immerse the other foot 
in the dilute acid. In a short time the leg is withdrawn from the 
acid, but will again relax, dip into the acid and be withdrawn for a 
second time. Remove the acid and wash the skin thoroughly with 
water to remove all traces of acid. Allow the frog to rest for a few 
minutes. 

In all cases where a chemical irritant has been employed it is of 
the greatest importance that this resting period should be sufficiently 
long — flve to ten minutes— before a fresh excitation is attempted, other- 
wise the results obtained are not characteristic. 

(/;) Repeat the experiment, using 10 per cent, acetic acid instead 
of the sulphusic. 

4. Thermal, 

Touch one of the toes with a heated wire ; the foot is withdrawn. 

Having shown by theso experiments that a r(iflex act is produced 
in response to mechanical, electrical, chemical, or thermal stimuli, 
proceed next to study the characters of the reflex 
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1. The Latent period or reflex time. 

Arrange a time marker recording ^ seconds and a signal to write 
vertically over one another on a blackened surface set to rotate at about 
1 cm. per 2^ seconds. Take some of each of the four strengths of sulphuric 
acid, 0*1 per cent., 0*2 x^er cent., 0*3 ])er cent., and 0*4 per cent., in small 
beakers, labelling each. Dij) the foot up to the ankle in the weakest solution, 
recording the instant of immersion by closing the key of the signal. Wait 
until the foot is withdrawn and then ox)en the key of the signal. Count the 
number of oMcillations of the time marker which have occurred during the 
closure of the current tliroiigh the signal. This is the reflex time for that 
strength of acid. Wash tlie skin thoroughly, allow the frog to rest for a 
time, and then repeat the exxjeriinent, using the 0*2 per cent, solution. In the 
same way repeat for the other strengths of solution. 

Arrange the results thus obtained in tabular foi*m as in the follow- 
ing instance : — 

I ! 

i Tiino ill Sicoivlsj. 

! :)-25 

30 

2*25 « 

20 

2. rurpoaivc character of the reflex. — In all the reflex actions 

studied it will be noticed that the muscular response is a very complex 
one. It is in no way an irregular series of twitches of the limb 
muscles, but is a movement similar in nature to those carried out by 
the frog during its It involves several muscles, each of which 

contracts at the right instant, to the proper extent, and at the proper 
rate, and another set of muscles which relax to the right degree, and 
at the right time ; ie. it is a co-ordinated movement. In addition to 
this the res^ionse obtained is different according to the part stimulated, 
and when examined is seen to tend either to remove the irritating 
body, to move that part of the body from the irritant, or to remove the 
whole body. Tliis purposive character of the response is well seen in 
the following experiment — 

Take Boino aipiares of filter paper, about 4 mm. each side, and dij) them 
into some *20 or 40 per cent, acetic acid. Remove the excess of acid from one 
of these and place it upon the flank of the frog. After a latent period the 
limb on the same side is drawn up, and the flank rubbed with it as if to wipe 
away the irritating body. In this the movement frequently sticceeds. Wash 
the skin, and after a period of rest apply another square and hold the leg of 
the same side. The leg of the opposite side will probably be moved so as to 
remove the irritant. Wash the skin again and study the effects of altering 
the position of the irritant. In all cases characteristic but different movements 
are produced. 

3. Irradiation of reflex movements. — In many of the experiments 
we have so far tried it has been noted that wi^ a given stimulus 


Stn nj'tli of Acid 

I'lT cent. 

0*1 

0-2 

0-3 

0*4 
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applied, say, to one part of a limb, a lixed response is obtained ; but if 
the strength of the stimulus be increased, the movement may involve 
parts on the other side. This is termed irradiation. In studying the 
question of response with regard to strength of stimulus employed it is 
found that as the strength increases the stimulus tends to spread first 
to the same level on the opposite side, e.tj. from one leg to the other ; 
and that only when the stimulus is still further increased does it tend to 
spread upwards and downwards to fresh levels. Tliere are conditions 
in which the extension of a stimulus to other parts is greatly facilitated ; 
as, for instance, in strychnine poisoning. 

Take a frog with its brain destroyed ami iiijoet 2 droj>K of a O-o })cr cent, 
solution of strychnine sulphate. In a lew niinutt^s stimulation of tiie skin in 
any part of the body excites a general convulsion of tlie whole body. All 
the muscles are thrown into violent tetanic spasms aiul the hiiihs become 
extended and rigid. The tetanic spasm passes olT to be at once repeated on 
even the slightest stimulation, such as a tap on tlie tabl(>. Note that these 
contractions are not co-ordinated muscular muvfMiients, but are general 
tetanic contractions. 

De|(;roy the cord by pithing. At once the contractions cease, showing 
that the effect of strychnine is one acting directly njum tin? cord, not ii}>on the 
nerves and muscles. 

4. Inhibition of roflexes , — Employing the frog at lirst takou, expose 
the upper end of the cord and place a crystal of sodium chloride upon 
it. After a minute try to obtain any of the reflexes previously 
obtained easily. They will now be found not to occur, and may not 
be produced even though the strength of the stimulus he considerably 
increased. 
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CHAPTER XXII 

80MK KXl'KHIMKNTK IN THK PHYSIOLOGY OF THE EYE. 

ACCOMMODATION, OPHTHALMOSCOPY, COLOUR SENSE, PERIMETRY 

Accommodatwn. An object can ho seen distinctly if it be placed 
clo8(j in front of the eye, or if it be remov'ed to some distance from 
the eye. But as an object can only be seen distinctly if its image be 
accurately focussed on the retina, it follows that the eye possesses 
some mechanism liy nuians of which any image can at will be focussed 
upon the retina. This means consists in a powei* of alteration of 
the curvature of the lens. That this is the optical change pro- 
duced may bo proved by studying the images reflected from the curved 
refracting surfaces of the eye, while the eye is fixed first upon a 
near and secondly on a distant object. The power of throwing a 
distinct image, now of a near object and now of a distant one, upon 
the retina is termed accommodation. 

Bcfero ('\iuiiinin<r these iiiiaifcs roflectcd from the eye make out the fol- 
lowing points upon a series of watch gbusses of ilitTerent curvatures: — 

1. NVhon light falls upon the .surface of a incdiuni of ilitterent refraiigi- 
bility from tluit in which it is travelling some of the light is reflected, even 
tliougli th(' iiiediuiii be transparent. 

2. Hold a lighted luatirli in front of a sheet of polished glass. An erect 
image of th<f flame is observed of the same size as the match. 

i\. llejieat, hut use the convex surfsices of watch glasses of different degrees 
of curvature, starting with nearly flat ones and choosing a series in which the 
amount of curvature gradually increase's. In all tliese cases images are pro- 
duced which lie behind the glass, i.r. they are virtual, and which decrease in 
size as the curvature increases. Note further that the images are erect, and 
that, as they become smaller with the increased curvature of the surface, the 
virtual image comes to lie nearer to the reflecting surface. 

4. Next examine the images produced from tlie concave surfaces of the 
scries of watch glasses. These are all inverted and lie in front of the sur- 
face, /.<*. they are real. They are all smaller than the objeefi;, and diminish 
in size and move towards the surface as the latter becomes more curved. 

Now examine the images of a candle formed from reflection from 
the eye. Hold the candle a little to one side and in front of the ob- 
served eye and then look obliquely at the eye. Ons image is very 
clearly seen : it is erect, small and virtual, and therefore comes from 
a convex surface. The positions at which reflected images can be 
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formed, Le. the surfaces separating media of different refrangihility, 
are (1) the anterior surface of the cornea, (2) the anterior surface of 
the lens, and (3) the posterior surface of the lens. We shall find 
that reflected images are formed by those three surfaces and that 
the first produces the brightest image because it separates two media 
possessing a greater difference of refrangibility than is the case witli 
the other surfaces. The clear image already ilescriheil comes, thcJi, 
from the anterior surface of the cornea. On examining carefully in a 
darkened room, a second image will he ohser\ed lying apparently be- 
hind the first, much less bright than tliat image, but i*rect and somewhat 
larger than the first image. This image is therefore produ.eed l)y a 
convex surface lying behind, and less curved than the anterior sur- 
face of the cornea, ft is from the anfiM'ior surface', of tlie lens. On 
further examination a third imag(? can he made out less hriglit than 
either of the preceding ; it is, moreover, inverted, real, an ! smaller 
than either. It comes therefore, from a eonca\ e surfac e tnore curved 
than either of the preceding. Tliis surface' is the posUu'ior surface 
of the lens. These three images are called the Sanson-Purkiiye 
images. The changes in size ami position of tlu'se images may be 
utilised to prove that the curvature of the lens alUus during accom- 
modation. For this purpost; the observed ey(^ should fiist be accom- 
modated for a distant object and th(*n for a, n(‘ar one, the ndh^cted 
images being observed as tlie change* occurs. It will la*, found that 
the first image remains unchange<l, hut that the see<.>nd image becomes 
smaller and moves nearer to the first. This j)rov<‘S that tla* surface 
forming it, the anterior surfaci* of tlu^ lens, l)ec«anes mons convex. 
The movement towards the first imag(j is due to two e.ausos : firstly, 
that the anterior surface of the lens becomes more convex ; and 
secondly, that the anterior surface of tlu* lens appn)aches a little 
nearer to the cornea. 

The third image is also found to chang<j, but to a Jimch l(.‘ss degree. 
It becomes a little larger, and apjiears to movt} further from the 
second. The apparent size and position of this image are, however, 
modified by the fact that it is viewf^l through the two sui faces of the 
cornea and lens ; and careful measuremr*nts of tliis image, liave shown 
that the changes observed are due, not to achaiigfj of curvature of the 
posterior surface of the lens, hut to th<* cluingr* in the anterior surface 
through which it is viewed. 

The observation and iiioasnreiiient of these images are much facilitated 
by the phakoscope. an instrument devised by ven ITcdinholt/ for that pur- 
pose. It consists (Hg. 171) of a triangular box whose angle.s are cut off. At one 
angle two prisms, b and b\ arc fixed which, when illuminated, concentrate two 
beams of light upon the observed eye. At the opposite angle, is an aperture 
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for the obncrver’s eye, and at the third another aperture through whicli the ob- 
Bervcd eyo looks straight forward through an aperture above c. The obser\'ed 
first looks at a far object and the images are then noted, especially with re- 
gard to their size and position. The images 
obtained are given in iig. 172 a. The two 
bright ones to the left are from the ante- 
rior surface of the cornea, the lower one 
being formed from the ui)per from h'. 
The middle pair are much larger than the 
first, and the third pair are smaller than 
any, and inverted. Prove this by blocking 
with a card. The lower image of the 
right-hand pair and the upper images of 
the other two ])airs disappear 

The observed eye is now accommo- 
dated for a near object by looking at a 
pin in the shutter r-, when the images 


Fi<*. 171. " Tiik Phakoscoi'k. Fk;. 172.'-Tiik UsKiiErTKi) Imaoks as skkn in 

(MtdvKNltKlCK.) TIIK 1*11 NKOSeoVK I A, WIIILK TIIK EVK IS AT RkST ; 

a, ncnixo Accommodation, (McKknduick.) 

change to those seen in «, lig. 172. The middle pair become smaller, he 
closer to one another, and approach the first pair. The tliird pair separate a 
little from one anotluT and become a little larger. 

The changes in the media of the eye, brought about during ac- 
commodation, are further illustrated by the following experiment, 
known as 

8oli«lner*s Bxperiment. — Take a long strip of wood, and to one end 
fix a card vertically, and jiierce this with two fine pin-holes lying close 
together aiul on a liori/ontMl line. They must be so near each other that 
they both lie within the diameter of the pupil. Fix two needles vertically 
on the wood, one about eight inches in front of the card, the other about 
twenty-four inches away. Close one eye and look through the pin-holes in 
the cturd at the two needles. 

1. Fix the eyo upon the distant needle. A clear single image is obtained 
of this, but two blurred images of the nearer needle are at the, same time ob- 
served. Now close the right-hand pin-hole, wlien the left-hand image of the 
near needle disappears. On closing the left-hand pin-hole the right-hand 
image disappears. 

2. In the second place look at the nearer needle, Avhen a double image of 
the far needle will be observed. Now close the right-hand pin-hole, when 
the right-hand image disappears. On closing the left-hand pin-hole, the 
left-hand image disappears. 

The meaning of this experiment will become clear from a study of 
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fig. 173. I illustrates the condition of things in the first part of the 
experiment, c c* is the card, a and b the two pin-holes ; r is the far 
needle in transverse section, and k the near needle. The eye is 
accommodated for the far needle r, and the rays of light from it {e.ff. 
the continuous lines of the figure) which pass through a and b meet 
on the retina at Hence there is a clear single image of i*. The 
light from ii (i.e. the interrupted lineti of the figure) are not, with the 
position of the refracting surfaces, sufficiently refracted to meet on the 
retina, and consequently fall upon it in two patches at r* and r®. 
These are able, however, to give a moderately good image, because 
they are only formed from the rays passing tlirough two minute 



ElO. 173. T«» Il.l.l St HKINKIt’s KxI'KKOIENT. 

orifices, a and n. On now closing the left-hand pin-hole, A, the image 
at r* disappears. This lies on the retina to the left of the second 
image at ♦But the left half of the retina is normally concerned 
with objects lying to the right, and vice versa. Consequently the 
mind projects the image at r*, as if it were coming from an object to 
the right, and the image at r* as from an object to the left. Blocking 
A therefore causes the right-hand image to disappear, and blocking n 
the left-hand image. 

II gives the condition of things for the second half of the experi- 
ment. The eye is accommodated for k, and the rays are more 
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refracted than in the previous case. The rays from r meet accurately 
upon the retina at r, and produce a clear image there. The rays from 
p are more refracted, and meet at a point in front of the retina, cross, 
and impinge at two positions, and upon the retina, where they 
give rise to the sensation of two images of the needle p indistinct and 
blurred. The image referred as coming from an object 

lying to the right of that caused by On novr blocking the left- 
hand pin-hole A the image formed by p* disappears. This is the 
left-hand image. Similarly on blocking the right-hand hole b the 
right-hand image due to disappears. 

The ophthalmoscope. — On looking at an eye the pupil always 
appears black. This is because most of the rays entering the eye 
are absorbed by the retinal and choroidal pigment, and those few 
which are reflected travel hack along nearly the same path as that 
they took on entering the eye. To see any part of the interior of the 
eye, these reflected rays must enter the obsei-ving eye ; but as soon as 
the eye is placed to intercept them, it also blocks the course of the 
entering light. The first condition, then, is to be able to receive the 
reflected rays without at the same tinuj intercepting the rays from the 
source of light. 

This is attained by the instrument invented by von Helmholtz, 
tlie ophthalmoscope. The principle of this is to reflect light into the 
eye by a mirroi* in the centre of which is a small aperture through 
which the observer looks, and is thus able to receive some of the rays 
reflected from the interior of the observed eye. 

There are two iiujthodK of omplo.yiii}; the ophthalmoscope, which are 
known as the indirect and direct methods respectively. 

1. The indirt'ct tnethod. — The person whose eye is to be examined is 
seated in a darkened room with a largo steady flame placed a few inches 
from his head on his left side on a level with his eyes, h'or examining his 
right eye take the ophthalmoscope mirror in your right hand, and wdth the 
mirror tow'ards the (observed eye look through the central aperture, with the 
right eye so that (with the loft eye closed) you can see the observed eye 
clearly. Now open the loft eye, Jind watching the position of the reflected 
light rotate the mirror until the l eflected light is thrown on to the eye. Now 
tell him to look steadily at some object behind you at the other end of the 
room. The pupil will now become a bright red. Get him to move his eye 
in various directions and in one position, when it is turned a little inwards ; 
the red will change to a yellowish colour. This indicates thccposition of the 
optic disc. Now take the large biconvex lens in the left hand, holding it 
vertically about ‘2 to inches from the eye, steadying your hand by resting 
your little finger on the temple. Your eye should be about 15 inches from his. 
In this position an image of the fundus of the eye will he formed by the lens 
about 2 or 8 inches in front of it, /.<*. about 10 inches from your eye, and you 
will be able to see this image, which if the observed eye have not been moved 
will be one of the optic disc. Most beginners find some difficulty in avoiding 
the reflection &om the coniea and in adjusting the accommodation, and the 
distance of the head, so ns to see the image clearly. The head must be 
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slowly moved a little nearer to or fui*ther from the observed eye, and at the 
same time an attempt made to accommodate the eyes for a point between 
the observer and the lens. 

^ Fig. 174 gives diagrammatioally the course of the light in thi^ instance. 
E is the observed eye and m m the concave mirror with its central aperture, 


M 
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• THE OkHTHALMOSCOI'E. 


s a source of light the rays from which falling upon the mirror are reflected 
to form an image at o. They then diverge, but are again condensed by the 
lens, and entering the eye, k, form a second image just behind the lens; they 
then again diverge and diffusely illuminate thc! fundus ocnli. The rays of 
light reflected from two points, i ami ///, on the fundus, diverging from the eye, 
are refracted by the lens to form an inverted real image, i‘ /a', larger than 
the object, i m. These latter rays then diverging are collected and focussed 
by the observing eye k' to form an image i* nr on tlie retina. 

The indirect method of examination is most generally useful because it 
gives a large field of view under a low* inuginfyirig power (about five 
diameters). In the view obtained it must be remembered that all the parts 
are inverted, that seen to the right being from the left part of the fundus, 
and vice versa. 




Fio. 175.- The Course ok the Light in Examining the Eye iiy the 
Direct Metikid. 


11, Thc direct method . — In this method the examination is made with 
the mirror ^one, without the intervention of the biconvex lens. In this 
method a small concave mirror is used, and is brought as close as possible 
to the observed eye, which should be accommodated for distant vision. The 
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reflected rays from any point of the hindus in a normal eye then emerge 
parallel, and the observer’B eye should also be accommodated for distant 
vision in order that a clear image may be thrown upon his retina. As this 
latter is at first difiicult and requires some practice, it will be found easier to 
insert a biconcave lens behind the ax^erture of the mirror to render the rays 
divergent, and then the (ibserver accommodates until distinct vision is 
obtained. 

Fig. 17r> shows the course of the rays of light when employing this 
method, s is the source of light and m m the mirror which reflects the rays 
of light, these are focussed by the eye being examined (e) to a point in 
the vitreous, and from this cause a diffuse lighting of the fundus. Rays of 
light issuing from a point j) emerge from the eye parallel to one another, and 
entering the observing eye e' are brought to a focus, yd, which lies on the retina, 
as the eye is accommodated for distant vision. Similarly a x^oint will give 
rise to an image at m', and a i)oint n at n'. 


HOLMGREN’S METHOD OF TESTING COLOUR VISION 

In this method a large number of sample skeins of worsteds of 
different colours and shades of colour are employed. The colours 
include reds, oranges, yellows, yellowish greens, pure greens, blue 
greens, blues, violets, purples, x>ink8, browns, and greys. The method 
of testing consists in picking out one of the skeins and requesting the 
subject to be tested to select skeins from the pile which resemble it in 
colour. No two skeins are alike, so that the examinee is to pick out 
skeins which ax)peai‘ of the same colour, though they may be lighter, 
or darker, or of nearly the same shade. 

When testing for colour blindness the following plan is recom- 
mended. A pale green, a imrple, and a red skein are chosen and 
are termed test skeins. 

I. The green skein is first picked out. This skein should be the 
X^alest shade of pure green, which is neither a yellow green nor a 
blue green. The examination is continued until the examinee has 
picked out all the other skeins of the same colour, or else placed 
with them one or more skeins of what are termed the confasion 
colours. These confusion colours which a colour-blind person will 
thus pick out are of various tints, according to the amount of his 
defect. Thus there may bo greys, light reds, or light pjurples. The 
fact that any confusion colour is picked out is sufficient to show that 
ho is colour blind. To determine the kind and degree of colour 
blindness the next test skein is given. 

II. This is a purple skein, and should be midway in colour 
between the lightest and darkest purple in the heap. The test is 
continued until the examinee has picked out all the purples, or until 
certain confusion colours have been selected. 
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A person who has been proved colour blind by the first test, but 
who only selects purples in the second, is incompletely colour hlimL 

If he select with the purples blue and violet, he is completely red 
blind. 

If he select with purple only gi*een and grey, he is completely 
green blind. 

As a final and confirmatory test, the third test skein is presented. 

III. This is a bright red skein of nicdiuin shade tending rather 
10 a yellowish red. 

The red-blind person chooses with the rods, greens and browns 
of darker shade than the skein presented. 

The green blind chooses with the reds, greens and l)rown8 of 
lighter shade than that of the test skein. 


PERIMETRY 


When we wish to carefully examine any object we turn our eyes 
to suefi a position that the imago of the ol)ject falls upon the, fovea 
centralis. This is termed direct vision. The vision pioduced by 
images formed on the peripheral parts of tlu» retina is in contriulis- 
tinction termed indirect vision. Indirect vision is much less acute 
than direct, but still the periphery of the retina is capable of appre- 
ciating movements or changes in intensity of light falling upon it. 


In order to test the limits 
of indirect vision tlie peri- 
meter (fig. 170) is emidoyed. 

This consists of n vertical 
pillar carrying a horizontal 
axis which bears on <»ne side 
a circular arc and on tlic 
other a vertical disc to w hicli 
a chart can be fixed. A little 
holder can be moved along 
the arc into any position. A 
.second support terminating in 
a knob is provided, against 
which the cheek is held al>out 
an inch below the centre ^ of 
the eye to be •tested. ^Ihe 
opposite eye is then closed, 
and the otlier one fixed in 
position by looking steadily 
at a white knob in the centre 
of the axis of the instrument. 

Uo^ ln\he” ertical di8C,*and first a white square held m the carrier 
rotS arc. This is moved fifom the periphery towards the centre imtil it 
is clearly obsei^ed, and its position then marked upon the chart. The arc 
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is then moved into a fresh meridian and a fresh observation taken, and so 
on until a series of points have been mapped out upon the chart which lie 
on the limit of distinct vision. These are united by a curved line, such as the 
dotted line in fig. 177, which represents the normal average field of vision for 
white li^ht for the right eye. 

Havmg determined this for a white object, next determine similar lines 
for coloured objects. 

For the white object it is seen that the field of vision extends more 
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to the outer than to the inner side, and further above than below the 
horizontal meridian. 

In the case of colours it will be found that the capacity for distin- 
guishing them diminishes more rapidly at the periphery than is the 
case for white light. 

The field of vision is more extensive for blue than for other 
colours ; it is least extensive for green and intermediate for red. 
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— mercury, 171 
Marey’s pneumograph, 20fi 

sphygmograph, 104 

— tambour, 28 
Maximal excitation, 2f) 

Mechanical stimulation of nerve, 80 
Mercury key, 10 

Minimal excitation, 20 
Moist chamber, 18 
Monochord, 91, 92 

Muscarine, action on frog’s heart, 130 
Muscle, excitation by constant current, 
79 

- fatigue of, 0(> 

— - forceps, 25 

— iso-electric when normal, 147 

— less excitable than nerve, 77 

- of frog’s leg, 17 

— simple curve, 34 

— thickening of, during a twitch, 71 

— wave of contraction, 73 
rate of, 75 

M^uspular excitability, independent. 70 


i Nekf’s hammer, 8 
I Negative variation. 140 
I nature of, 1 48 

I Nerve, action of constant current on. 87 

- changes of conductivity during elec- 
I trotouus, 89 

i — - of excitability during clcctrotonus, 

I 88 

j — forms of stimuli for, 80 
; — functions of, 85 

more excitable than imistde, 77 
I Nerve-muscle preparation, 10 
j NcTve-eells, submaxillary, paralysed by 
i nicotine, 212 
! Nerves of rabbit's neck, 170 
j to frog’s heart, 120 

I Nervous impulse, velocity of, 94 
I Neurine, action on kidney, 198 
I oil mamnialian heart, 144 

! Nicotine, action on frog’s he^rt, 133 
j — oil submaxillary gland, 212 

ofTect on biOod-])ressure, 181 
; Non-polarisable electrodes, 83 

Oncooh vch, 191 
Oncometer, Hoy’s, 189 
air, 19 1 

Ophthalmoscope, 222 

I’miaooxk ai. contraction, 150 
I’endulum myograph, 53 
I’erfiision cuninila for frog’s heart, 130 
HfU'iiiieter, 225 
IVriod, latent, 33 

- of contract ion, 33 

of relaxation, 33 

rtliiger’s law, 93 
i’lmkoscope, 219 
I’iloearpine mi frog’s heart, 131 
I’ithing a frog, lf» 

Plethysmograph, Scliiifcr’s frog-heart 
130 

Plelhysniographic method for frog’s 
heart, 135 

' pMiairnograph, Marey’s, 20f» 

I’ohl’s comiiiutiitor, 12 
l*olar excitation of muscle, 89 
of nerve, 90 

Iliederinann's method, HI 

- - Engelmiirin’s method, 81 
Polarisation of electrodes, Hi 
Posterior root of spinal nerve, function 

of, 85 

. Potential, measurement of, 152 
Pressor effect, 170 
Pressure bottle for manometer, 171 
Primary coil, 4 

Pulse- wave as studied on the schema, 
102 
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Pulse wave in man, 165 
Purkinje Sanson images, 219 

lUn p of heart beat, 9H 

— of muscle wave, 76 

~ of woik in simple^ twitch, 35 
Recording cylinder, 24 

— tambour, 28 

— time, 22 

Red blindness, 225 
Ueed, vibrating, bO 
Reflex action, 21 1 
Reflexes, inhibition of, 217 
irradiation of, 21(i 

— purposive character of, 216 
Heflox time, 216 
Refractory period of heait, 108 
Relaxation period, 33 

Respiration, action of central end of 
vagus, 206 

action of the glossophaiyngeal, 201 
effect of swallowing upon, 201, 208 
methods of iccoiding, 201 

— result of section of the two vagi, 203 
Rospiiatoiy movements, eifect on blood 

pressure ]7d 
Rheochord, 92 
Rh>thm of heart, 102, 103 

— effect of heat upon lid 
Ritter H tetanus, 87 

Roots of neive, functions of, 85 

Sa.ii\ \ii\ gland sccietoiy neives to, 212 
secietion, 209 

Sandeison s stethomctei, 207 
Sanson-Puikmje images, 219 
Schemer's ixpeiinient, 220 
Schema of the cii dilation, 157 

action of clastic tube, 161 

Sciatic nGi\c, effect of stimulation of 
upon blood prcssuie, 175 
Secondary coil, 4 

— conti action, 14H 
Secietion of saliva, 209 
Seniimcmbranosu»and giacilis piepaia 

tion, iO 

Shunt of gahanometer, 150 
blo>\ing of frog's heart by vagus, 123 
Sph>gmogram, 1G5 167 
Sph^gmograph, Dudgeon's, 166 
Marey’s, 164 

Spinal 001 d, study of leflex action in 
214 

Spiing chronograph, 24 

— key, 10 

Staircase effect, m heait, 105 

— — in muscle, 63, 69 
Stanmus Ugatuie, the first, 104 

the second, 128 


Stethogram, 208 
Stethometer, Sanderson's, 207 
Stimulation, unipolar, 28 
Stimuli for nerve, 86 
Stromuhi, 187 

Strychnine, action on spinal cord, 217 
bubmaxillary gland, secretion by the, 
20 ) 

Submaximal excitation, 27 
bummation of muscular contiaction, 56 
Superior laiyngeal, action of, upon the 
lespiration, 202 

Snpia lenal extract, effect upon blood 
pressure, 182 

Suspension method of recording heart 
beat, OR 

Swallowing, effect of, upon respiiation, 
203, 208 

Sympathetic action on heait, 125, 126 

on submaxillar^ gland, 212 

couise of fibres to frog’s heart, 121 


Tamiiouii, 28 29 

I'eniperatuie influence of upon a single 
mubolc twitch 44 

— a single beat of the heart 11(> 

— upon the fiog’s heart 112 
letanisa ion of frog s ventricle 110 
Tetanus, complete, 61 

fatigue during, 70 

— genesis of 59 
Rittei's 87 

Thcimal stimulation of nerve 8l» 
Thickening of muscle during a twitch, 
71 

Time, meabuiemcnt of 22 
Tonometer, Roy s 135 
Tnggei kej >4 
1 witch, biinplc 30 

— thickening of muscle duimg a, 71 
modified by fatigue, 67 


Umioj \k excitation, 28 
Unpolansable electrodes, 83 


\ \ni s, action of central end upon re 
bpiration, 206 
— on heait, frog's, 122 

— mammalian, 141 
oouise of, to f log's heait, 120 

— effect of section upon respiration 
203 

of stimulation upon blood pres 
sure, 177 

— inhibition, escape of heart from 
179 

\ ainibh foi Xracingb, 32 
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Vaso-motor nerves to kidney, 200 
Velocity of nervous impulse, 94 
— of the blood-flow, 188 
Ventricle contraction, 107 

effect of heat, 116 

of tetanisation, 110 

— of two stimuli, 109 

Veratrine, influence of, on mu«%cle. 

49 


Vibrating reed, 60 

Vision, direct %nd indirect, 225 

W \VK of contraction in muscle, 78 

— pulse, studied on scheina, 162 
Work performed during a twitch, 84, 50 

— in simple twitch, rate of, 85 

— variation in amount with differont 

h load<^, 51 ' 
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